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ABSTRACT 
Diet and Density Induced Variation in 
Herbivores as Factors Influencing Two 
Pupal Parasitoids: Brachymeria 
intermedia (Nees) and 
Coccygomimus turionellae (L.) 
(September 1979) 
Jane A. Greenblatt, B. A., Vassar College 
M.S., Univeristy of Michigan 
Ph.D., Univeristy of Massachusetts 
Directed by: Professor Pedro Barbosa 
One aspect of insect-parasitoid interactions that has 
been particularly neglected is host suitability. It has 
been assumed that individuals of any given host species do 
not vary in their suitability. It is well documented, 
however, that there is significant phenotypic variability 
within an insect species. Variability due to host plant 
species and source population density was studied with 
respect to host suitability of the gypsy moth, Lymantria 
dispar, and to two pupal parasitoids - Brachymeria inter¬ 
media and Coccygomimus turionellae. 
Diet induced variation in gypsy moths was demonstrated 
in gypsy moths reared on red oak, white oak, red maple, 
gray birch and synthetic diet. Pupal weight and fecundity 
vi 
were greatest on gray birch-reared individuals and synthetic 
diet-reared individuals. Gray birch-reared female pupae 
and larvae had the highest concentration of carbohydrate in 
their hemolymph. Red oak-reared female pupae and larvae 
had the lowest. White oak-reared pupae had only trace 
amounts of free amino acids in their hemolymph, which sup¬ 
ported observations that white oak is a poor food for 
gypsy moths. 
Diet-induced variation in gypsy moths was reflected 
in host suitability to the parasitoids. B. intermedia pro¬ 
duced heaviest and largest wasps from red-oak reared pupae. 
C. turionellae produced heaviest, largest wasps from gray 
birch and synthetic diet-reared host pupae. Some differ- 
% 
ences were also observed in nutritional indices between 
host's food treatment. Nitrogen utilization efficiency 
was greatest for B. intermedia on white oak-reared hosts 
and for C. turionellae on red maple-reared hosts. Both 
parasitoids showed a high nitrogen utilization efficiency 
(70%) on wax moths. Female and male hosts differed in 
their suitability to both parasitoid species. 
Density-induced variation in gypsy moths was demon¬ 
strated by collecting egg masses from innocuous, release 
and outbreak populations and rearing larvae in the labora¬ 
tory under identical conditions. Pupae from the release 
• • 
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density population were largest. Female and male pupae 
from innocuous population egg masses were significantly 
larger than pupae from egg masses collected in the out¬ 
break population. Outbreak population source pupae had 
the highest concentration of hemolymph glucose and tre¬ 
halose . 
B. intermedia reared on outbreak source pupae were 
significantly heavier than those reared on release or 
innocuous pupae. Percent emergence was also greater from 
those pupae. B. intermedia is often associated with high 
density populations of gypsy moths in the field. 
C. turionellae reared on innocuous source pupae were 
largest. Percent emergence was poor from all three treat¬ 
ments of female hosts, but greater from male hosts. 6. 
turionellae is not usually associated with gypsy moth 
pupae but is a generalist parasitoid on forest lepidop- 
tera pupae, which from any single species are likely to 
occur in innocuous populations. 
vm 
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Successful parasitism of -an insect host by a para- 
sitoid can be considered as consisting of the following 
components (after Doutt, 1959; Vinson, 1975): host- 
habitat location, host-finding, host acceptance, host 
suitability and host regulation. Most of these areas have 
been studied for many years because of the interest in 
using parasitoids as biological control agents. Unfortun¬ 
ately, it is because of this objective that the fine details 
of host parasitoid relationships have been sacrificed. 
Typically the procedure in the search for a biocontrol" 
agent is to collect parasitoids from hosts in the native 
location, determine the most abundant species, import 
these, initiate a mass-rearing program and release the 
agents. The majority of such attempts have resulted in 
failure (Beddington et aJL; 1978). This outcome should not 
be unexpected since the components of successful parasitism 
are rarely investigated prior to choosing a control candi¬ 
date. Thus, it is difficult to monitor changes occurring 
in these components during mass rearing in order to avoid 
any modifications of critical behaviors under the artifi- 
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cial selection pressure of mass rearing (Mackauer, 1967; 
Boiler and Chambers, 1977). 
One aspect of insect-parasitoid interactions that has 
been particularly neglected is host suitability (Vinson, 
1975). Although the range of species and stages of species 
supporting development of a parasitoid have often been 
investigated, generally the nutritional suitability of 
these hosts has not been studied. Moreover, it has been 
assumed that individuals of any given host species do not 
vary much in their suitability. In fact, as Vinson suggests 
(1975, p. 33) "one would assume that most host insects 
should be nutritionally suitable." 
It is well documented, however, that there is signifi¬ 
cant phenotypic variability within an insect species 
(Wellington, 1977). At least two aspects of insect ecology 
are known to contribute to this variability - host plant 
and population density. Even for a polyphagous phytopha¬ 
gous species there is often a hierarchy of host plant 
acceptability and suitability affecting life history para¬ 
meters such as survivorship, development rate, pupal weight 
and fecundity (Hough and Pimentel, 1978; Barbosa, 1978; 
Mattson and Addy, 1975; Edmunds and Alstad, 1978). Indivi¬ 
dual quality also varies with population density. In an 
outbreak phase of the western tent caterpillar, individuals 
tend to be sluggish, with lower survivorship, development 
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rate and pupal weight compared to the active individuals 
found in a small population (Wellington, 1957). Density 
effects on aphids and grasshoppers (reviewed in Peters and 
Barbosa, 1977) include color polymorphism, wing polymor¬ 
phism, change in instar numbers, decreased life span, etc. 
Given that host quality may vary as suggested, it was 
the objective of this research to investigate some of the 
effects of host intraspecific variability on parasitoids. 
The procedure used was to first document diet and density 
induced variation in hosts, and then to evaluate host 
suitability for the parasitoids. Host variability was 
monitored by the development rate, pupal weight, fecundity 
and carbohydrate and free amino acid composition of hemo- 
lymph of hosts reared on different host plants and of hosts 
collected from different population sources and reared on 
the same food. Host suitability was assessed by calcula¬ 
tion of the following developmental parameters: wasp 
development time, adult weight, size, sex ratio and the 
following nutritional indices: approximate digestibility 
of hosts, efficiency of conversion of digested host to wasp 
biomass, efficiency of conversion of ingested host to wasp 
biomass, and nitrogen utilization efficiency. 
The primary host for these studies was the gypsy moth, 
Lymantria dispar. The reasons for choosing the gypsy moth 
were twofold. First, despite its polyphagous nature, the 
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gypsy moth is known to be differentially affected by food 
plant species (Leonard, 1974; Capinera and Barbosa, 1977; 
Hough and Pimentel, 1978; Barbosa, 1978; Barbosa and Green- 
blatt, in manuscript). Secondly, population density is 
known to induce physiological and morphological changes 
(Leonard, 1974). The two pupal parasitoids chosen for this 
study included the chalcid Brachymeria intermedia (Nees), 
an established parasitoid introduced in the U.S.A. and 
relatively specific for the gypsy moth (Doane, 1971), and 
the ichneumonid Coccygomimus turionellae (L.), a polypha- 
gous parasitoid of lepidopterous pupae, unsuccessfully 
released against the gypsy moth but under consideration for 
reintroduction (Metterhouse, personal communication). The 
choice of these two parasitoid species allowed a comparison 
of the sensitivity to host variability by parasitoids of 
two taxa, and a comparison between a specialist and a gen¬ 
eralist. Finally, in studying the effects of diet-induced 
variation in herbivores influencing parasitoids, we used, 
in addition to the gypsy moth, the fall webworm, Hyphantria 
cunea (Drury), reared on a number of host plant species. 
Life Cycle of Insects Used in the Study 
Lymantria dispar. Recent developments in the ecology and 
control of the gypsy moth, Lymantria dispar, are summarized 
by Leonard (1974) and the USDA Compendium (of the expanded 
5 
gypsy moth program, forthcoming, 1979). Further details 
of the gypsy moth and its control can be obtained in these 
works. 
The gypsy moth is found in temperate areas from North 
Africa through Eurasia to the Japanese Islands, extended 
from a latitude of 20N in S.E. Asia to 60N in Russia and 
30-32N in North Africa (Giese and Schnieder, 1979). The 
insect was accidentally introduced into the U.S. in 1868 
or 1869 by Dr. Trouvelot in Medford, Mass. (Forbush and 
Fernald, 1896). It was apparently 10 years or so before 
the accidental release was realized and by that time the 
insect had spread significantly (Forbush and Fernald, 1896), 
averaging 6 miles per year with the prevailing winds. Cur¬ 
rently, the species is found in Quebec and New Brunswick 
and Ontario to the north, New York and Pennsylvania to the 
west, with isolated populations in Michigan, California, 
Seattle and Vancouver, and Delaware and Maryland to the 
south (Leonard, 1974). 
The gypsy moth has a single generation per year. A 
female lays her full complement of eggs (average 500) in 
a single egg mass in mid-late summer. The mass can be laid 
on any object, including campers, canoes, recreation vehi¬ 
cles, etc., which partially explains the spread of the 
species to distant areas. The eggs have an obligatory 
diapause. Larval hatching occurs over a 2-3 week period 
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in N.E. U.S., at the time of bud break in late spring. 
Females are thought to hatch first (Leonard, 1968). Newly 
hatched larvae are positively phototactic and crawl to the 
tops of branches. They then spin silken threads and are 
dispersed by wind. Dispersal has been noted for distances 
of 56 km (Leonard, 1974). Larvae are well adapted to dis¬ 
persal by the presence of dorsal aerostatic and aculminate 
hairs (McManus, 1973) which increase the surface area. 
Tree species (Capinera and Barbosa, 1977; Lance and Barbosa, 
in manuscript), egg size (Capinera and Barbosa, 1977; Lance 
and Barbosa, in man.) and larval crowding (Leonard, 1974) 
can influence the dispersal activity. Much of the 
unexpected reduction and increase in populations can be 
attributed to first instar dispersal (Leonard, 1974).'*. 
Eventually larvae settle down to feed on the foliage. 
Although the gypsy moth has been recorded from 458 species 
of plants (Forbush and Fernald, 1896), the principal host 
is oak. A range of acceptability and suitability is 
observed even between oak species (Barbosa, 1978; Barbosa 
and Greenblatt, in manuscript). Larval development occurs 
over several weeks and includes five instars for males and 
six instars for females, although instar number is somewhat 
variable. In low-moderate population densities a diel feed¬ 
ing periodicity is observed. Feeding by the first three 
instars occurs after sunrise and tapers off before sunset. 
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At the fourth stage this behavior changes and feeding com¬ 
mences before sunset and continues until midnight. At high 
densities larvae may feed all night. 
After a brief prepupal stage, larvae pupate. This 
usually occurs in early July in Massachusetts. The pupal 
stage lasts for about two weeks. Females do not fly in the 
United States, although brief flights have been reported in 
Russia and Japanese gypsy moths (Leonard, 1974). Females 
attract males by emitting a pheronone and mating occurs 
soon after eclosion. Females are thought to mate only once 
(Forbush and Fernald, 1896) and then proceed to lay their 
full complement of eggs. 
The primary economic impact of the gypsy moth is the 
result of defoliation, although the urticating hairs of the 
larvae and the high numbers which may occur in urban areas 
during outbreaks contribute to its status as a nuisance 
pest. Defoliation in New Jersey caused 6% mortality the 
first year and increased to 697> the fourth year (Leonard, 
1974). Mortality is highest in stressed trees and conifers. 
Suppressed trees not defoliated may show increased growth. 
In many areas where logging is not of primary economic 
importance, the gypsy moth may cause greater economic loss 
in recreation areas and to homeowners than in forests. 
The primary means of control of the gypsy moth has 
been chemical. Because egg masses may be laid any place, 
/ 
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including moving vehicles, removal and destruction of egg 
masses is not a viable alternative. DDT previously and 
carbaryl presently are the chemicals used most commonly. 
The benefits gained by widespread chemical control, however, 
may not outweigh the costs. Eradication, except for small 
isolated populations, is no longer an objective of govern¬ 
ment programs. 
Several predators, parasitoids and pathogens contri¬ 
bute to the regulation of gypsy moth populations. Recently 
the nuclear polyhedrosis virus of the gypsy moth has been 
registered for use. Birds and other vertebrate predators, 
particularly white-footed deer mice, may be important in 
controlling populations at low densities (Campbell, 1967). 
The most important invertebrate predator is probably the 
beetle Calosoma sycophanta. 
Since 1905, 46 species of parasitoids have been intro¬ 
duced into the U.S. for control of the gypsy moth. Of 
these, 5-10 are probably important in control today. The 
complex of parasitoids varies geographically and with popu¬ 
lation density (Barbosa et al, 1975; Reardon, 1976; Tice- 
hurst et al, 1978). 
Pathogens are probably the most important mortality 
factors in gypsy moth populations (Leonard, 1974). In parti 
cular the nuclear polyhedrosis virus, Borralinavirus 
reprimans, the wilt disease, appears in epizootics during 
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the end of an epidemic population and kills many larvae. 
From the ground spraying of Bacillus thuringiensis thur- 
ingiensis has been used as a control measure. 
Several workers have studied the role of population 
quality in the population biology of the gypsy moth 
(Leonard, 1968; 1970; Capinera and Barbosa, 1976; 1977; 
Barbosa and Capinera, 1978). It was found that progeny 
displaying a range in quality are produced by an individual 
female. One aspect of quality that varies is dispersal 
capability, which is reflected in egg size differences. 
First instar individuals from large eggs may disperse more 
frequently than individuals from small eggs. High density 
and the depletion of primary food plants also may be the 
major factors determining maternal nutrition. : 
Brachymeria intermedia. Brachymeria intermedia is a chal- 
cid pupal parasitoid of the gypsy moth (and reportedly 
other species) in Europe (Dowden, 1935). It was first 
reared in the U.S. in 1905 at Melrose Highlands for release 
against the gypsy moth. Large shipments were also made 
from Italy in 1911. However, it apparently did not get 
established until 1966 (Doane, 1971). One explanation for 
this delay is the fact that B. intermedia originates from 
Mediterranean climates, and took some time to acclimate to 
the New England winter (Hoy, 1976). Another possible 
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explanation is the necessity for an alternate host (Hoy, 
1976). 
The life cycle of B. intermedia (taken primarily from 
Dowden, 1935) is as follows. The egg is laid in the body of 
the host and remains where it is laid, often in the head 
area. It hatches in 48 hours and the larva begins feeding. 
The first larva to develop in the host will kill any other 
individuals present. The larva grows rapidly and by the 
end of the second instar is found on the venter of the host 
pupa, near the junction of the wing covers and abdominal 
segments. By the time it is full grown, about 13 days, it 
has eaten most of the anterior portion of the pupa. About 
two days are spent in the prepupal and 13 days in the pupal 
stages. Male adults emerge after 28 days and females after 
31 days, although development time is dependent on tempera¬ 
ture. The species is thought to overwinter in the adult 
stage. 
Females oviposit 2-3 days after mating. No more than 
six eggs are laid in one day. Not much is known about the 
reproductive potential of the adults or the sex ratio of 
the progeny, although there were some reports of male-biased 
sex ratios (see Barbosa and Frongillo, in press). 
Several papers suggest that B. intermedia is found in 
higher numbers in defoliated areas (Doane, 1971; Dowden, 
1935; Barbosa et al, 1975; Reardon, 1976; Ticehurst e_t al, 
11 
1978). Adult females do show higher activity in brighter 
light and higher temperatures, such as would occur in a 
high density gypsy moth population (Barbosa and Frongillo, 
1977). 
Coccygomimus turionellae. Coccygomimus turionellae (L.) 
is a polyphagous pupal parasitoid of Lepidoptera. The 
synonymy for this species includes the following names: 
Ichneumon turionellae, Pimpla turionellae, Ephialtes 
turionellae and Pimpla examinator. C. turionellae is 
native to Europe and Russia and is found in Japan and North 
Africa (Schultz, 1977). C. turionellae was first imported 
and released in New England against the gypsy moth in 1906, 
1907, 1909 (Howard and Fiske, 1911). No recoveries were 
made. This is not too surprising in view of the observa¬ 
tion by Jackson (1937) that C. turionellae prefers to ovi¬ 
posit in pupae within cocoons. 
The life cycle (taken from Jackson, 1937) is as fol¬ 
lows. An egg is deposited within the body of the host and 
hatches in about 56 hours. Larval development requires 
about two weeks. The larvae usually fill the host at that 
time, having consumed all the host tissue. Pupation lasts 
for 2-7 days. Total development time is thus about 21 
days. The species may overwinter as mature larvae within 
host pupae, as pupae within host pupae, or as adults. Sex 
12 
ratio was observed to be female-biased. The average repro¬ 
ductive potential is thought to average 55 offspring 
(Berry, 1939), although Aubert (1959) found a maximum of 
250 eggs could be laid. 
Several studies have shown that size and sex ratio of 
C. turionellae varies with size of the host (Jackson, 1937; 
Arthur and Wylie, 1959; Aubert, 1959). A higher percentage 
of larger, female progeny emerged from large host species, 
than smaller hosts. 
Hyphantria cunea. The fall webworm, Hyphantria cunea 
(Drury), is a colonial, late season defoliator of a large 
number of plant species (more than 200 worldwide) (Warren 
and Tadic, 1970). It is native to the United States and 
introduced into Japan and Europe. Adults lay an average 
of 600 eggs in a single mass during the first week in July 
in Massachusetts. Within a few days larvae hatch and feed 
by skeletonizing leaves within a silken web which they con¬ 
tinually spin to include fresh foliage. Unlike the eastern 
tent caterpillar, larvae do not leave the tent to feed. At 
the last instar (7th or 8th) larvae disperse and wander 
until a suitable pupation site is chosen. Overwintering 
occurs in the pupal stage. The fall webworm is thus uni- 
voltine in Massachusetts, but is multivoltine in southern 




Three topics will be covered in this literature 
review. First a review of factors determining host suit¬ 
ability for parasitoids. Second, a brief review of the 
effects of plant species on aspects of the physiology and 
ecology of the gypsy moth, Lymantria dispar, which might 
affect its suitability to parasitoids. Third, a brief 
review of effects of population density on the physiology 
of the gypsy moth which might affect its suitability to 
parasitoids. 
Host Suitability to Parasitoids 
The successful host-parasitoid relationship can be 
considered as consisting of the following components: 
host-habitat finding, host finding, host acceptability, 
host suitability and host regulation (Vinson, 1975, modi¬ 
fied from Doutt, 1959; Salt, 1938). A failure at any one 
of these steps leads to unsuccessful parasitization. Of 
these five components, host suitability remains the least 
understood. The last review of the subject was in 1941 by 
Salt (although host suitability was included in Fisher, 
1971; and Vinson, 1975). With the increasing economic 
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and environmental pressures for successful biological con¬ 
trol of pest insects, an understanding of host suitability 
becomes critical. 
Host suitability may be defined as an environment 
within the host necessary for successful development and 
emergence of a fertile adult parasitoid. It should not be 
confused with availability or acceptability, but should 
include all host-parasitoid interactions from oviposition 
to parasitoid emergence. Suitability can be considered as 
either a passive phenomenon from the point of view of the 
parasitoid, or an active phenomenon. Passive factors 
include the environmental factors: temperature, light and 
humidity as they affect the host (and subsequently the 
parasitoid); biotic factors, such as size or age of the 
host; and biochemical factors such as composition of hemo- 
lymph and host tissues. Active factors include alteration 
of the internal host environment by the parasitoid, occur¬ 
rence and nature of encapsulation and intrahost interactions 
with other parasitoids. Many of these factors are certainly 
interrelated so that this categorization is somewhat arbi¬ 
trary, but serves to organize the review. 
Passive effects: environmental factors. 
Temperature. The effects of temperature on host suit¬ 
ability have been studied frequently. Temperature require- 
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merits may influence the potential and actual success of 
biological control agents in the field, as well as mass 
rearing success in the laboratory. Since insects are poi- 
kilothermic, host body temperature varies somewhat with 
ambient temperature (Chapman, 1971 p. 636). Physiological 
changes also occur in hosts with changes in ambient tem¬ 
perature. For example, lipids deposited in low tempera¬ 
tures in flies tend to have more unsaturated fatty acids 
(Prosser, 1973). Thus, both the physical and biochemical 
environment of the parasitoid may be affected by tempera¬ 
ture. The influence of temperature is more direct in the 
case of older parasitoid stages, at which time the host is 
reduced to an inert cuticular envelone. 
Rojas-Rousse and Kalmes (1978) studied the effect's of 
a 5°C increase in light and dark cycle temperatures for 
Diadromus pulcnellus (Ichneumonidae) in Acrolepsis assec- 
tella. They found a 24-hour decrease in parasitoid embry¬ 
onic development, and a decrease in length of larval and 
pupal development. They found no difference in the quan¬ 
tity of food ingested and no subsequent change in adult 
weight. Temperature increases did have the effect of 
increasing the variability in the transformation of assimi¬ 
lated food into parasitoid body substances. 
There are several reports of environmental tempera¬ 
tures being either too harsh or too low for suitable 
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development of released biological control agents. A sum¬ 
mary of these examples may be found in Vanden Bosch and 
Messenger (1971 p. 77). Abdelrahman (1974) used data from 
the influence of temperature on parasitoids to explain the 
distribution of two parasitoids of the California red scale 
in Australia, Aphytis chysomphali and A. melinus. He found 
that A. chrysomphali was adversely affected by extreme high 
temperature and A. melinus by extreme low temperature. 
Both extremes are normally found in Australia. Previous 
studies on mean temperatures had led to false predictions 
about success in the field. Abdelrahman concluded that A. 
chrysomphali would be most effective in the summer and A. 
melinus in the winter, and that they should readily coexist. 
Minimal developmental temperatures have been reported 
to increase fecundity in Hymenopterous parasitoids 
(Flanders, 1978; Legner, 1976; Debach, 1943). Flanders 
suggests the reason for this is the facultative conserva¬ 
tion and use of nutrients ingested by mature larvae in 
cold temperatures. The conservation is conditioned by 
temperature-induced prolongation of development immediately 
preceding evacuation of the alimentary canal, such that 
nutrients are being used that otherwise would be voided. 
Temperature has also been reported to affect sex ratio 
of parasitoids, such that more males emerge when parasi¬ 
toids are maintained at low temperatures (Doutt, 1959). 
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Yeargen et al (1978) investigated the effects of fluc¬ 
tuating temperatures versus constant temperatures on Bath- 
yplectes curculionis, a parasitoid of the alfalfa weevil. 
They found no difference in the fecundity of females 
emerging from either temperature treatment, although longe¬ 
vity was significantly increased by the fluctuating tem¬ 
peratures . 
Photoperiod. Low temperatures and reduced photoperiod, 
conditions which may produce diapause in hosts (Tauber and 
Tauber, 1978) may effect parasitoids similarly. Wylie 
found diapause induced in Athrycia cindrea (Tachinidae) 
parasitizing Mamestra configurata when rearing temperatures 
were below 25C. No photoperiod affect was recorded in this 
or similar studies of Lixophaga diatraea (McPherson and 
Hensley, 1978) or the Encyrtid Ooencyrtus sp. on the elm 
spanworm (Anderson and Kaya, 1974). Photoperiod does induce 
diapause in Apanteles glomeratus in Pieris brassicae 
(Masenikova, 1959; in Askew, 1971). Hosts were taken from 
two different regions and reared at each other's critical 
diapause-inducing photoperiod. They were then parasitized 
with Apanteles from the other's location, with the result 
that the parasitoid responded to the critical photoperiod 
of their own region of origin, irrespective of the host 
strain on which they were reared. 
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Humidity. The effects of humidity on development rate 
are dependent on temperature, particularly in late larval 
development when the host is almost fully consumed. 
Ullyett (1936) found that at constant temperature of 20* C 
Dahlbominus fuscipennis larval development was independent 
of humidity. Humidity conditions within the host may 
affect suitability, however. Muesebeck (1931) felt that 
Monodontemerus aerus larvae died because the host was too 
moist for proper pupation. Taylor (1937) found the same 
results for three parasitoids in which the fluid contents 
of the host were not consumed by the end of the larval 
development of the parasitoid, and the parasitoids effec¬ 
tively drowned. 
Passive effects: Biological factors. 
Host size. Host size affects parasitoid size, mor¬ 
phology, assimilation efficiency, development period, sex 
ratio, mating, fecundity and survival. Salt (1941) reviewed 
the effects of size on parasitoids. He described Jackson's 
(1937) work with Pimpla examinator (Ichneumonidae) which 
first clearly demonstrated that size effect was not strictly 
genetic, by rearing progeny of an individual female on dif¬ 
ferent sized hosts. Salt also reviewed his own work on 
Trichogramma evanescens in which he reared the parasitoid 
on several sizes of one host species. He found large pro- 
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geny from large hosts and ’’runts” from small ones and con¬ 
cluded that the size effect was due to quantity of food. 
Although there is an abundance of circumstantial evidence 
that this is the case, no one has tested the hypothesis. 
Salt also reviewed previous papers suggesting that size of 
the host may determine development of wasps in dimorphic 
forms of parasitic Hymenoptera (although this may in fact 
be due to qualitative differences between host species 
(Askew, 1971)). 
Developmental period is affected by host size, and is 
related to parasitoid size (Salt, 1941). That is, smaller 
parasitoids, developing in smaller hosts, emerge sooner 
than large parasitoids on larger hosts. Salt’s evidence 
is questionable, however, since he compared solitary para¬ 
sitoids with gregarious parasitoids, making the assumption 
that gregarious parasitoids shared resources so that in 
effect they had smaller hosts. Nenon (1975) found that 
the percentage polyembryony was correlated with host size, 
so that Salt's assumption may be valid. Minot and Leonard 
(1976) found significantly faster development rates for 
Brachymeria intermedia (Chalcididae) reared on smaller host 
species versus large host species, even when the large host 
was the usual host, the gypsy moth. There was no signifi¬ 
cant difference in weight or size of the wasps, suggesting 
that development rate was prolonged by poorer assimilation 
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of gypsy moths. Kalmes (1975) investigated the effects of 
intraspecific variability in host size on assimilation 
efficiency and found a decrease in efficiency with an 
increase in host size. 
Salt (1941) speculated that host size might affect 
vigor of emerging parasitoids. The only evidence for this 
was his assessment of ovipositor-drilling-potential of 
wasps which had emerged from different sized hosts (and 
were thus of different sizes). Another behavioral inter¬ 
action altered by host size was indicated by Salt's sug¬ 
gestion that small wasps would be unable to mate with 
large wasps and vice versa. 
Perhaps the most controversial are the changes that 
arise in sex ratio due to host size. Larger hosts report¬ 
edly produce females and smaller hosts produce males 
(Salt, 1941). Jackson's (1937) work with P. turionellae 
suggested differential mortality between sexes in differ¬ 
ent sized hosts. Arthur and Wylie (1959), working with 
the same parasitoid on nine host species of various sizes, 
concluded that differential mortality was not the reason. 
More recently Nozato (1969) tested the differential mortal¬ 
ity hypothesis by forcing mated Itoplectis cristatae 
(Ichneumonidae) females to oviposit on different sized 
Petrova cristata. Significantly more females emerged from 
larger hosts than smaller hosts and significantly more 
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males emerged from smaller hosts. There was no difference 
in mortality between the host sizes that would account for 
the differences. Nozata concluded, as Flanders has sug¬ 
gested earlier (1939), that females control the sex ratio 
of their offspring by depositing fertilized eggs in large 
hosts and unfertilized eggs in small hosts. 
Host age. The age of the normal host may influence 
development rate, weight, fecundity, longevity, survival 
and behavior of the parasitoid. For example, Lawrence et 
al (1976) found an increase in size of Biosteres longi- 
caudatus (Braconidae) on older Anastrepha suspensa. Simi¬ 
larly, Campbell and Duffy (1979) found a significant 
increase in weight of Hyposoter exiguae (Ichneumonidae) on 
Heliothis zea when later instars were parasitized. Campbell 
and Duffy also found increased adult longevity and fecundity 
of those parasitoids emerging from older-parasitized hosts. 
There are numerous reports of a relatively rapid 
development rate when a parasitoid develops on an older 
host than a younger host (reviewed in Beckage and Riddi- 
ford, 1978; Jowyk and Smilowitz, 1978; Nechols and Tauber, 
1977; Miles and King, 1975; Smilowitz and Iwantsch, 1973; 
Vinson and Barras, 1970; Puttier, 1961). The explanation 
for the change in development rate (as well as the 
increased size and fecundity) is an increase in availabil¬ 
ity of nutrients (Smilowitz and Iwantsch, 1973). Beckage 
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and Riddiford (1978) added support to this theory by show¬ 
ing that development time of Apanteles congregatus was 
reduced with a greater number of parasitoids per host. 
Campbell and Duffy (1979) suggest that the slower develop¬ 
ment in earlier hosts is adaptive, in that a premature 
death of a young host would probably result in the death 
of the parasitoid. They also suggest that quick develop¬ 
ment in an older host is an adaptive escape from the 
improved defense ability of older hosts (i.e., encapsula¬ 
tion ability). Lynn and Vinson (1975) however, did not 
find an increased ability to encapsulate C. nigriceps with 
increased host age. 
Ovipositing in older hosts is not always beneficial 
for parasitoids. Particularly for pupal parasitoids ovi- 
position after a certain age prevents successful develop¬ 
ment of the parasitoid (see for example Minot and Leonard, 
1976). Hemolymph volume decreases around 48 hours after 
pupation in gypsy moths (personal observation), so that 
there would not be sufficient food for the development of 
pupal parasitoids. A decrease in volume with increased 
host age is a general phenomenon in insects (Chapman, 1971). 
The influence of host age on suitability is observed 
as a widespread phenomenon in both Hymenopterous and Dip¬ 
terous parasitoids. When an early instar is parasitized, 
the parasitoid generally remains as a first instar during 
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host development, and as the host reaches its last instar, 
rapid development of the parasitoid occurs (Herrebout, 
1969; Corbet, 1968; Schoonhoven, 1962; Coppel and Maw, 
1959; Dowden, 1934). Corbet (1968) found that the early 
slow growth of the parasitoid was due to a slow feeding 
rate. She dissected Nemeritis canescens out of Ephestia 
kuehniella at different stages and measured the swallowing 
rate. The reason for the slower feeding rate she felt was 
due to a change in hemolymph composition. This she demon¬ 
strated in two ways. First, she injected eggs into older 
instars and found they developed. Secondly, she analyzed 
the hemolymph composition in terms o f protein concentra¬ 
tion, amino acid concentration and freezing point depres¬ 
sion (= solute concentration). She found a marked increase 
in protein and amino acid concentration with a concomitant 
decrease in solutes just at the time in the host instar 
when parasitoid development occurs. Nutritional effects 
of host suitability will be discussed again under biochem¬ 
ical effects of host suitability. Some of the parasitoids 
that wait for host development migrate before each of the 
host's molts. Failure to migrate may result in being 
sloughed off at the molt. On the other hand, migrating 
runs the risk of settling in the mid/hind gut portions of 
the hemococl with an increased risk of encapsulation 
(Herrebout, 1969). The advantage gained by migrating must 
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be great. 
Passive effects: Biochemical factors. 
Nutrient composition. The suitability of a host for 
a parasitoid may ultimately depend on its biochemical com¬ 
position. Unfortunately, in most cases this conclusion is 
based on circumstantial evidence. For example, in his 
1941 review, Salt described growth rate of Compsilura con- 
cinnata in Acronyca, Vanessa and Pieris. The tachinid grew 
rapidly in Acronycta and Vanessa, but slowly in Pieris. 
In a more recent review (1975) of the effects of different 
host species on Nemeritis canescens, Salt describes three 
host species as being unsuitable because of poor food 
quality: Calliphora, Hofmannophila and Pyralis. Although 
there was some evidence of ingestion, parasitoids were 
lethargic, grew slowly and eventually died. No biochemi¬ 
cal analysis of nutrient quality of the hosts was performed 
Data reported by Schmieder (1933) also implied biochem 
ical variation in hosts. He found two forms of Melittobia 
chalybii (Chalcididae) occurred depending on which host 
tissue they had developed. On bee tissue they had well 
developed wings and eyes and long development time (months) 
On bee hemolymph they had reduced wings, a thin cuticle 
and a short development time (weeks). 
Kalmes (1975) found assimilation energy of Pimpla 
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instigator (Ichneumonidae) was greater in diapausing pupae 
on Pieris brassicae lacking organized tissues and having 
a higher carbohydrate/protein and lipid ratio. 
Currently there are several studies available on 
nutritional requirements for parasitoids (Yazgan and House, 
1972; House, 1977; Thompson, 1975, 1976; Hoffman, 1975). 
The objective of these studies, however, was to perfect 
in vitro rearing of parasitoids for easy mass rearing in 
biocontrol programs. Although these studies do not clarify 
the meaning of suitability, they do provide some clues for 
which nutrient relationships to analyze. House (1977) 
found that the nutritional needs of parasitoids are similar 
to those of any organism. Ultimately it may not be nutrient 
quality or quantity but the nutrient balance that determines 
suitability. Solute concentration may also be a factor. 
Salt (1975) found hypertonic hemolymph in Cydia, Calliphora, 
and Operophthera which rendered them unsuitable for N. 
canescens. Also recall the study of Corbet (1968) showing 
that solute concentration influenced parasitoid development. 
Legner and Thompson (1977) suggest that trace elements 
may also influence suitability. Moreover, the influence 
of trace elements on suitability may not be observed for 
several generations, so that what appears to be unsuit¬ 
ability of a particular host for a parasitoid may only 
reflect a previous host’s unsuitability. 
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The nutritional and/or biochemical suitability of hosts 
may vary with host's diet (Flanders, 1942). Two kinds of 
studies have been done on this topic - food plant effects 
on host suitability and manipulation of host's artificial 
diet. Flanders (1942) observed that California red scale 
was immune to attack by Habrolepsis rouxi (Encytridae) on 
sago palm but not on citrus. Smith (1957) confirmed this, 
showing that H. rouxi and Comperiella bifasciata (Encyrti- 
dae) were influenced by the food plant of the host. The 
scale grew best on yucca, lemon and castor bean and worst 
on sago palm. The size of the encyrtids parallelled size 
of the host. The sex ration was 2:1 female to male on 
yucca reared scales. Highest parasitoid mortality and 
longest developmental rate were obtained on sago palm-, 
reared hosts. Generally, the plant that was best for the 
host was also optimal for the parasitoid, with the excep¬ 
tion of lemon. Lemon produced largest parasitoids (rela¬ 
ted to large size of hosts) but the mortality rate was 
high. Similar observations of parasitoid "success" fol¬ 
lowing host's success were made by Fox et^ al (1967) with 
Aphidius smithi on green peach aphid on different hosts, 
and Shapiro (1956) with two Tachinids on the gypsy moth 
and a Hymenoptera on Biston hirtarius. Cheng (1970) found 
that Lypha dubia (Tachinidae) was encapsulated more often 
on its host, the winter moth, reared on its usual host as 
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compared to less suitable food plants. 
Manipulation of artificial diets for hosts also 
affected parasitoid success. The best diets for the hosts 
also produced parasitoids that were large, most fecund, 
and had the quickest development rates (Pimentel, 1966; 
Lange and Bronskill, 1964; Zohdy, 1976). Observed differ¬ 
ences in fertility and longevity of emerging parasitoids 
from laboratory reared versus wild type hosts (Salt, 1941) 
also suggests the influence of a host's nutrition on para¬ 
sitoids . 
A few authors have suggested that toxic chemicals in 
the host's food plant render them unsuitable to parasitoids. 
Gilmore (1938) observed poor emergence of Apanteles con- 
gregatus from Manduea sexta reared on dark-fired tobacco 
versus burley tobacco or tomatoes. He concluded that nico¬ 
tine in the dark-fired tobacco influenced poor suitability 
of Manduea. Altahtawy et al (1976) compared success on 
Microplitis refiventris (Braconidae) on Spodoptera littor- 
alis reared on cotton, castor oil and sweet potato. The 
cotton was more suitable for the host but the host was 
then less suitable for parasitoids (in terms of develop¬ 
ment rate and percent emergence). They suggest toxic sub¬ 
stances such as gossypol might have made the host unsuit¬ 
able. Finally, Smith (1978) observed more parasitization 
by a Tachinid (85-9370) of queen butterflies reared on 
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cardenolide-free milkweed than on cardenolide milkweek (7%). 
Hormonal. Biochemical effects of host suitability 
may be due to host hormones in particular with regard to 
molting (Askew, 1971; Fisher, 1971). Pieris has a stimulus 
that indicates to Apanteles that it is going to pupate and 
Apanteles will emerge regardless of how long they have been 
in the host (Gayspitz and Kyao, 1953). Schoonhoven (1962) 
studied hormonal activity in Bupalus piniarius hemolymph 
that affected its Tachinid parasitoid Eucarcelia rutilla. 
Certain doses caused development of the maggots and others 
which indicated host molt was imminent, caused migration 
behavior. Herrebout (1969) studying the same system, sug¬ 
gests that oviposition in older host muscle tissue did not 
lead to migration behavior of the parasitoid because muscle 
tissue was not affected by the hormonal stimulus. 
Active effects: Manipulation of host milieu 
Manipulation of host biochemistry. Eggs and young 
larvae of Hymenopterous parasitoids must obtain all of 
their nutrition from host hemolymph. During this phase 
they must compete with host's tissues for nutrients. 
Recent work by Vinson and his associates, and Smilowitz 
and his associates, suggests that parasitoids do just that, 
by mobilizing carbohydrates, amino acids, lipids and pro¬ 
teins into the hemolymph (Vinson, 1975; Jowyk and Smilowitz, 
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1978) . Barras e_t al (1969) found a decrease in amino acid 
quality with parasitization and a concomitant increase in 
these amino acids in the host. Dahlman and Vinson (1976) 
found that the level in hemolymph of Heliothis virescens 
parasitized by Campoletis sonorensis was five times greater 
than in controls. Kahn et^ aT (1976) found a decrease in 
amino nitrogen with parasitization of Heliothis virescens 
with Cardiochiles nigriceps. 
Avoidance of encapsulation. One of the major obstacles 
to host suitability for Hymenopterous parasitoids is encap¬ 
sulation by the host. Briefly, encapsulation is the move¬ 
ment of large numbers of hemocytes onto the parasitoid, 
forming an envelope in which the parasitoid suffocates. 
The parasitoid must be able to avoid or overcome this 
defense of the host. Work by Vinson and associates (Stoltz 
and Vinson, 1977; 1979; Stoltz and Faukner, 1978) indicates 
that avoidance of encapsulation is accomplished when the 
female oviposits into the host. Calyx gland fluid con¬ 
taining virus-like particles appear to interfere with the 
defense capabilities of the host. In this sense, encap¬ 
sulation avoidance lies somewhere between host accept¬ 
ability and host suitability. On the other hand, the 
ability to encapsulate the parasitoid appears to vary with 
host condition. Blumberg (1977) found intensity of encap¬ 
sulation directly related to host age and not dependent on 
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host's food plant. Muldrew (1953) working with larch 
sawfly parasites and Puttier (1974) and Berberet and Gibson 
(1976) working with Bathyplectes curculionis on the alfalfa 
weevil found variation in encapsulation rates depending on 
host geographical strain. As the mechanism for avoidance 
of encapsulation becomes better understood, it seems likely 
that many factors influencing avoidance will be discovered. 
Diptera are not affected by encapsulation (Askew, 1973). 
They appear to be encapsulated in their usual hosts and 
modify the capsule into a respiratory sheath in which they 
live. 
Competition with other parasitoids. If a parasitoid 
requires the whole host to complete development, then multi- 
or superparasitism lessens host suitability (Vinson, 1975). 
Competition between parasitoids has been thoroughly reviewed 
by Salt (1961) and Fisher (1961) and may consist of phy¬ 
sical attacks, physiological suppression by anoxia or 
secretion of a toxin, starvation, or modification of host's 
conditions. 
In summary, there are a number of ways a host can vary 
in its suitability. There are interspecific differences in 
suitability for a given parasitoid (most commonly studied) 
and intraspecific differences in host quality influencing 
suitability. Suitability can be affected by other parasi- 
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toid species and other members of the same species. 
Although many situations influencing suitability have been 
described, the mechanisms have only rarely been demon¬ 
strated experimentally. Corbet's (1968) study and those 
of Vinson and Smilowitz are notable exceptions. Further¬ 
more, there exists a large gap with regard to our know¬ 
ledge of the biology of the Tachinid parasitoids. 
Host Plant Induced Variation in Gypsy Moths 
The gypsy moth, Lymantria dispar, is considered a 
polyphagous herbivore. It has been recorded feeding on 
458 species of plants (Forbush and Fernald, 1896) in the 
United States. Yet it exhibits a marked preference for 
oak in feeding preference studies (Barbosa et_ al_, in manu¬ 
script) and is found primarily on oaks in field distribu¬ 
tion studies of endemic populations (Barbosa, 1978). In 
outbreak populations, however, few plant species escape 
being consumed (Leonard, 1974). Several studies have 
demonstrated the effects of food plant species on aspects 
of the ecology and physiology of the gypsy moth. 
Food plant species can affect the development rate, 
size, weight and fecundity of gypsy moths (Barbosa, 1978). 
Barbosa and Greenblatt (in manuscript) found a hierarchy 
of suitability when larvae were reared on a variety of food 
plants such as gray birch, red oak, white oak, red maple, 
32 
beech. Suitability was assessed by development rate, 
assimilation efficiencies, pupal weight and fecundity. 
Hough and Pimemtel (1978) found similar differences in 
host plant suitability. Capinera and Barbosa (1977) found 
food plant influenced mean egg size as well as fecundity. 
Similarly, Shapiro (1956) found significantly different 
mean pupal weights when gypsy moths were reared on oak, 
apple, hornbeam, ash, poplar or birch. Hornbeam and poplar 
produced largest pupae, followed by apple and oak, and 
least suitable were birch and hawthorn. In one geographi¬ 
cal region (Azerbaidzan Forest) oak was the least suitable 
food. Wallner and Walton (1979) found a difference in 
pupal weight between gray birch and oak-reared pupae. The 
direction of the difference varied with the geographical 
location of the source of the gypsy moth egg mass. 
Differences between oak species within a geographical 
area in suitability have been reported by Hough and 
Pimentel (1978), Barbosa and Greenblatt (in manuscript) 
and Clements and Munro (1917). 
There have been a few studies on physiological differ¬ 
ence between gypsy moths reared on different food plants. 
Shapiro (1956) found fat content of the pupae varied with 
food plant. The lowest fat content was in the oak treat¬ 
ment producing smallest pupae. The highest content was 
found in the apple-reared gypsy moths, which were large 
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but not the largest. Edelman (1952) found differences 
in lipid metabolism and carbohydrate-protein relationships 
correlated with food plant. In gypsy moths reared on poor 
quality food, the lipids were utilized and not stored in 
body tissue. 
While not investigated for the gypsy moth, studies 
with other defoliators show changes in biochemical compo¬ 
sition related to food plant. Hansen (1964) found that 
diet influenced hemolymph carbohydrate concentration and 
composition in locust hemolymph. Dahlman (1975) found 
hemolymph trehalose and glucose levels were lower in leaf- 
reared tobacco hornworms than in diet-reared. Durzan and 
Lopushanski (1968) found balsam fir reared spruce budworm 
larvae had higher concentrations of free and bound amino 
acids than white or red spruce-reared budworms. It is 
likely that similar differences would be found with the 
gypsy moth. 
Differences in chemical composition of foliage may 
explain the observed changes in gypsy moths reared on dif¬ 
ferent food plants. Hough and Pimentel (1978) compared 
nitrogen, water content and toughness of the food plant 
species used in their studies. They found high nitrogen 
and water and low toughness onoak, the most suitable food 
plant. Water and nitrogen have been shown to influence 
suitability in several other studies with lepidoptera 
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(Scriber, 1977, 1978; Slansky, 1977). Barbosa and Green- 
blatt (in manuscript) analyzed concentration of inorganic 
elements of the food plant species used in their studies. 
Significant differences were observed between tree species 
for several elements although the effects of many of these 
elements on insect physiology is not known. It is inter¬ 
esting that gray birch, which was the most suitable food 
plant (although not widely utilized in endemic populations 
in the field) was found to contain very high concentra¬ 
tions of several trace elements and higher N and P levels 
than other plants. 
There are no published studies on variation in host 
plant carbohydrates or lipids and their effect on gypsy 
moth physiology. There are some studies for other systems, 
however, that indicate that differences between species 
will be found. Dieter (1971) determined sugar content in 
pine needles and two lepidoptera, Sphinx pinestri and 
Dendrolimus pini. He found a high carbohydrate content in 
the foliage stimulated feeding and resulted in heavier 
insects. Low carbohydrate availability in foliage at the 
i 
time of the early instars can cause high mortality due to 
lack of feeding stimulation. Foliar fatty acids and 
sterols varied between food plant species of the elm span- 
worm (Clark et al, 1975). The caloric/nitrogen (= fat + 
sugar/nitrogen) ratio may be the most critical determinant 
35 
of foliage quality (Shaw and Little, 1977; Shaw et al, 
1979; Lii et al, 1975). 
Year to year variation in foliar nutrient quality, 
due to previous defoliation, drought or fertilization may 
occur. Wallner and Walton (1979) tested the effect of 
previous defoliation of black oak and gray birch trees on 
developmental parameters of the gypsy moth. They concluded 
that previous defoliation causes a decline in suitability 
of foliage for gypsy moths (although individuals from geo¬ 
graphically different population sources varied in their 
response). Baltensweiler et^ al (1977) report that previous 
defoliation altered suitability of foliage for the larch 
budmoth. Shaw and Little (1977) reported natural varia¬ 
tion year to year in concentration of nutrients. Fertili¬ 
zation and stress have been suggested by White (1974, 1976) 
as two factors influencing foliage quality such that proxi¬ 
mate nutritional value is increased. Leonard (1974) in 
his review of the ecology of the gypsy moth, cites work of 
Russian researchers showing that weakened trees are more 
nutritious to gypsy moths due to an increase in foliar pro¬ 
teins, soluble sugars and starches. Dieter (1971) found 
a decrease in sugar content of fertilized pine trees. This 
may be a specific response of pine trees as other studies 
suggest an increase in sugar content with fertilization. 
For example, Shaw and Little (1979) analyzed foliage of 
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fertilized balsam fir and the effects on spruce budworms. 
They found an increase in pupal weight with increased 
nitrogen due to urea fertilization, which correlated with 
increased caloric value and increased calories/mg protein. 
Interestingly, ammonia acetate increased foliar nitrogen 
and enhanced tree growth but did not increase budworm 
weight. Similar kinds of factors may influence foliage 
quality for the gypsy moth. 
Density Induced Effects on 
Gypsy Moth Physiology and Ecology 
The gypsy moth undergoes periodic outbreaks through¬ 
out its range. Increased population density may have an 
effect on several aspects of the physiology and ecology 
of the gypsy moth, including developmental rate, number 
of instars, pupal weight, fecundity, coloration, diel 
periodicity, incidence of disease. All of these factors 
may affect the quality of individual gypsy moths available 
for parasitoids. 
Leonard (1968, 1971, 1974) found a decrease in deve¬ 
lopment rate of first instar gypsy moths under crowded 
conditions. The percentage of supernumerary instars 
increased. Overall, however, development rate was accel¬ 
erated, with the result that pupal weight was lower under 
crowded conditions (20% for males, 35% for females). 
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Fecundity was also reduced. Capinera and Barbosa (1977) 
confirmed the reduction of pupal weight and fecundity 
under laboratory conditions. They also collected egg 
masses from sites having different density populations 
and found a significantly smaller number of eggs per egg 
mass in high density sites. 
Male larvae reared under crowded conditions were 
lighter in color (Leonard, 1974). Phase polymorphism is 
commonly reported for insect species occurring periodically 
in outbreaks. Usually, however, the change in color is 
from a lighter form to a darker form (Peters and Barbosa, 
1977) with increased density. In other insects color 
change indicates a change in hormonal activities (Ogura, 
1975). It is not known if this is the case for the gypsy 
moth. 
Increased crowding is reported to change the feeding 
behavior of gypsy moths (Leonard, 1974). Under low density 
conditions, larvae feed at night and seek shelter in bark 
furrows or in the litter during the day. Under high den¬ 
sity situations, larvae feed continuously. This behavioral 
change affects the spread of a nuclear polyhedrosis virus 
which is epizootic in high density populations (Doane, 1970). 
One of the most important factors in the population 
ecology of the gypsy moth is phenotypic variability in egg 
size. Females are known to produce different-sized eggs. 
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Small and large eggs differ in the amount of yolk they 
contain (Capinera et al, 1977). Individuals hatching from 
large eggs tend to disperse more frequently than indivi¬ 
duals from small eggs (Capinera and Barbosa, 1976). Leonard 
suggested that crowding influenced the nutrition of females 
such that smaller eggs were produced. Capinera and Barbosa 
(1977) did not find a change in mean egg size produced by 
females reared under crowded conditions. The only factors 
they found that directly influenced mean egg size were food 
plant (1977) and egg size of the mother (Barbosa and Capi¬ 
nera, 1978). Poor food led to a decrease in mean egg size. 
Females from small eggs tended to have egg masses with 
small mean egg size. Since food quality was an important 
factor, and since increased larval density probably forces 
larvae to feed on non-preferred food, density may well 
play a role in egg size in nature. 
CHAPTER III 
EFFECTS OF DIET ON GYPSY MOTH 
HEMOLYMPH CARBOHYDRATES AND FREE AMINO ACIDS 
Introduction 
Several studies have demonstrated the influence of 
host tree species on survival, development rate, size, 
fecundity and egg size of the gypsy moth, Lymantria dispar 
(L.) (Capinera and Barbosa, 1977; Hough and Pimentel, 1978; 
Barbosa, 1978; Barbosa and Greenblatt, 1979). Host plant 
quality has also been shown to influence some of these life 
history parameters (Wallner and Walton, 1979). 
To date, only a few studies have investigated the 
influence of diet on gypsy moth physiology (Shapiro, 1956; 
and Gilman, 1952, 1953). They found that the lipid content 
of pupae varied with diet. In the study reported here, we 
looked at the effect of food plant species on gypsy moth 
hemolymph carbohydrate and free amino acid concentration, 
two nutrients known to vary with diet in other species 
(Wyatt, 1967; Florkin and Jeuniaux, 1974; Hansen, 1964; 
Durzan and Lopushanski, 1968). 
Materials and Methods 
Egg masses used for experiments were dehaired and the 
eggs surfaces disinfected with a 10% formalin solution. 
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Larvae were reared in the laboratory, at the time of field 
hatch, on foliage from gray birch (Betula populifolia 
Marsh) and white oak (Quercus alba L.) collected daily. 
Other larvae were reared on artificial diet (Bio-serv 
gypsy moth diet). At the time the majority of field lar¬ 
vae reached fourth instar, we collected larvae from red 
oak (Quercus rubra L.) and red maple (Acer rebrum L.) and 
reared them to pupation on the host species from which 
they had been collected. 
Hemolymph was collected from 24-hour old fifth instar 
larvae and 24-hour old male and female pupae. Larvae were 
placed on a glass petri dish cover, ventral side up, and 
held still with modelling clay. A hind leg was removed 
with a sharp scissors. A disposable micropipette, with 
a few crystals of l-phenyl-2-thiourea (PTU) was placed at 
the drop of blood that collected at the wound. A gentle 
pressure produced from 20-250 jul. of hemolymph. 
Pupal hemolymph was collected from a small slit made 
at the top of the wing pad. We applied slight pressure 
by squeezing anterior tip of head and dorsal tip of 
abdomen together and collected hemolymph with a PTU dipped 
disposable micropipette. From 20-250 jul. of hemolymph 
were obtained. 
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Carbohydrate analysis. Ten jil. from each of three indivi¬ 
duals were pooled per diet. Four replicates per diet were 
collected. Hemolymph was deproteinized in 2 ml chilled 
80% methanol. Samples were stored from 1-3 months. 
For analysis, samples were brought to room temperature 
and left for 3-4 hours. They were then centrifuged for 10 
minutes. The supernatant was transferred to a 40*C water 
bath and evaporated to dryness with bubbling N2. One ml 
of distilled H2O was added back. The carbohydrate solu¬ 
tion was desalted by passing through an ion exchange 
column (Wyatt and Kalf, 1957) with Baker's A-540 and 
ANGC-244. 
Paper chromatography was used to separate carbohydrates. 
Ascending chromatography with freshly mixed 1-butanol- 
pyridine-water (6:4:3), for 8 hours, gave best separation 
of glucose and trehalose. Identification was performed 
by a silver nitrate dip technique (Trevalyan et al, 1950). 
Quantification of carbohydrates was performed with 
the anthrone reagent, after eluting duplicate samples with 
3.5 ml distilled water (Boctor, 1974; Mokrasch, 1954). 
Aliquots of 1 ml of solution were layered into 5 ml por¬ 
tions of fresh anthrone in an ice bath. The mixture was 
vortexed, placed in a boiling water bath, and then in 
an ice bath. Readings were made within one hour at 620 nm. 
Standard glucose solutions of 5, 10, 20, 30 and 40 mg/ml 
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were included at each analysis. Two or three replicates 
of the anthrone test were made for each sample. 
Free amino acid analysis. Twenty-five ul hemolymph from 
each of six pupae from white oak and gray birch treatments 
were collected into 4 ml cold 80% methanol to which a few 
crystals PUT were added. The samples were centrifuged for 
10 minutes to remove hemocytes. The supernatant was then 
freeze-dried to remove the methanol. The samples were 
then dissolved in 4 ml pH 2.2 Na citrate buffere and 
stored at -10C. 
Amino acid concentrations were determined with a 
Beckman/Spinco Model 120c Amino Acid Analyzer according 
to the Beckman 22-hour physiological fluid procedure, 
using 37 cm Aminex-A-5 (BioRad) and 52 cm PA-28 resin 
columns (Beckman Instruments, Inc., Fullerton, Calif.). 
Results 
Carbohydrates. We found a difference in total glucose and 
trehalose concentrations between diet treatments for lar¬ 
vae and for female and male pupae (Table 1). 
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Table 1. Hemolymph concentration of glucose and trehalose 
in larval and pupal gypsy moths reared on different foods. 
Larvae_ _Pupae _Pupae 
Food Glu Tre Total Glu Tre Total Glu Tre Total 
Red oak 0.54 1.43 1.97 1.50 2.15 3.65 1.56 3.10 4.66 
i 
White oak 3.55 2.09 5.64 2.16 2.56 4.76 
Red maple 1.14 3.06 4.20 1.55 1.76 3.31 
Gray birch 2.16 4.04 6.20 2.09 5.23 7.23 1.65 3.35 5.00 
Synthetic 
diet 1.76 2.92 4.68 1.82 2.50 4.32 1.38 4.12 5.50 
jug/ml hemolymph (mean of 3 replicates) 
Gray birch-reared larvae and female pupae had the highest 
concentrations of glucose and trehalose concentrations, 
respectively. Red oak-fed individuals had the lowest-or 
near lowest concentrations in the larval and female pupal 
comparisons, but red maple-reared male pupae had the lowest 
trehalose concentration and the next to lowest glucose con¬ 
centration. Gray birch-reared and white oak-reared female 
pupae had a higher carbohydrate concentration than male 
pupae. For Bio-serv reared pupae and red oak-reared pupae, 
males had a higher total carbohydrate concentration than 
females. The percent of the total carbohydrate that was 
trehalose varied from 37-75. The white oak-reared pupae 
showed a relatively low trehalose concentration and female 
pupae showed a high glucose concentration. We found higher 
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carbohydrate levels in foliage-reared gypsy moths than 
diet-reared. 
Free amino acids. The amino acid analyzer was not able to 
detect any substantial concentration or acidic or neutral 
free amino acids in the hemolymph of white oak-reared male 
pupae (Table 2). Some differences were found between 
female white oak and female gray birch pupae. No aspara¬ 
gine, glutamic or proline was found in white oak pupae, 
but was found in gray birch pupae. White oak females 
showed approximately one-half the concentration of alanine, 
isoleucine, leucine, aspartic methionine and threonine as 
gray birch females. A higher concentration of p-ethanola- 
mine was found in white oak females. 
The analysis of basic amino acids was based on one 
run for each treatment. The results obtained suggest a 
higher lysine and histidine concentration in white oak 
females than gray birch females. 
Discussion 
Although we do not know the carbohydrate or free 
amino acid composition of the foliage used in our studies, 
we found variation in the quantity of carbohydrates and 
free amino acids and quality of free amino acids in the 
gypsy moth hemolymph by diet. Gray birch foliage, which 
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Table 2. Effect of food type on free amino acid concentra 
tion in pupal L. dispar hemolymph (expressed in ^imole/ml 
hemolymph) 
Amino Acid Rearing Type^ 
wo £ WO o’ GB 2 GB O’ 
Acidic and Neutrals 
Alanine 21 43 91. 
B-Alanine trace trace ND2 
Asparagine ND 141 427 
Aspartic 29 51 29 
Glutamic ND 109 ND 
Glycine 29 32 51 
Isoleucine 21 40 40 
Leucine 16 37 53 
Methionine 11 37 16 
P-e thano1amine 181 88 531 
Phosphoserine 85 64 99 
Proline ND 13 ND 
Serine 165 165 * 112 
Threonine 104 160 ! 152 
Tyrosine 67 80 131 
Basics 
Ammonia 17 19 14 17 
Lysine 215 39 93 65 
Histidine 573 116 293 136 
Arginine — 44 78 92 
1 White oak-reared female (= WO Q) and male (= WO O' ) pupae 
and gray birch-reared female (= GB Q) and male (= GB u ) 
pupae. 
2 ND = not detected. 
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we found to be the most suitable food for gypsy moths in 
the laboratory, in terms of development rate, pupal weight 
and fecundity (Barbosa and Greenblatt, 1979; Barbosa, 
1978), produced highest carbohydrate and free amino acid 
concentrations. Red oak foliage, the preferred food of 
gypsy moths, produced lowest carbohydrate concentration 
in larval and female pupae, but not male pupae. Female 
pupae reared on white oak foliage had a high glucose con¬ 
centration, which is unusual for insects (Wyatt, 1967). 
White oak is a poor food for laboratory rearing of gypsy 
moths, producing lower pupal weights than red oak (Barbosa, 
1978). High and Pimentel (1978) found a lower nitrogen 
content in white oak as compared to red oak fed to gypsy 
moths, which may be true for our foliage as well. This 
might account for the very low free amino acid concentra¬ 
tion white oak-fed individuals. A change in solubility 
of hemolymph, due to lower free amino acid concentration, 
may explain the high glucose concentration in white oak- 
fed female pupae. Red maple is one of the least suitable 
foods for gypsy moths (Barbosa, 1978) and red maple-reared 
gypsy moths had the lowest concentration of carbohydrates. 
Carbohydrate levels in foliage-reared individuals 
were higher than in artificial diet-reared individuals. 
This is the opposite of what Dahlman (1975) found in 
another Lepidoptera, Manduea sexta. 
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The lack of glutamate in any treatment but gray birch 
females, supports the hypothesis of Irving et al (1976) 
that L-glutamate is not a normal constituent of insect 
hemolymph. They concluded that previous reports of high 
L-glutamate concentrations were the result of poor prepara¬ 
tory techniques. L-glutamate is thought to be a neuro¬ 
transmitter in insects (Candy and Kilby, 1975), so a high 
concentration in the hemolymph would be difficult to 
explain. 
Proline, on the other hand, has been frequently 
reported as a major free amino acid in hemolymph of 
lepidopterous species (Florkin and Jeuniaux, 1974; Brown 
et al, 1977), yet we did not find it in any treatment 
but gray birch females. 
CHAPTER IV 
EFFECTS OF HOST'S DIET ON TWO PUPAL 
PARASITOIDS OF THE GYPSY MOTH: 
BRACHYMERIA INTERMEDIA (NEES) AND 
COCCYGOMIMUS TURRIONELLAE (L.) 
Introduction 
The central role of the host plant in phytophagous 
insect population dynamics has been the object of many 
recent studies (Baltensweiler et^ al, 1976; Mattson and 
Addy, 1975; Gilbert, 1976; Edmunds and Alstad, 1978; 
Barbosa, 1978). Even in species generally considered to 
be polyphagous (e.g., the gypsy moth, Lymantria dispar L.), 
feeding on a particular plant species can have profound 
effects on dispersal, development, size, fecundity, et 
cetera (Capinera and Barbosa, 1977; Barbosa and Capinera, 
1977; Greenblatt and Barbosa (in manuscript); Hough and 
Pimentel, 1978). These physiological and behavioral 
changes have important implications to the population 
dynamics of the phytophagous species. 
Indirect host plant effects may also influence herbi¬ 
vore population dynamics. For example, host plant induced 
changes in herbivores may influence parasitoid success, as 
was suggested by Flanders in 1942. Shapiro (1956) found 
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that the heaviest puparial weights of the Tachinid parasi- 
toid Sturmia scutellata occurred on gypsy moths fed on 
poplar. This food plant also produced the largest gypsy 
moths. Smith (1957) found that the plant species produc¬ 
ing the largest red scale also produced the largest and 
most long-lived parasitoids. Cheng (1970) on the other 
hand, found that the Tachinid Lypha dubia was relatively 
unsuccessful parasitizing oak-fed winter moths, compared 
to hawthorn, blackthorn and crataegus fed winter moths. 
Oak is the primary and most suitable food plant of the 
winter moth. Although the above studies suggest that 
host’s food plants changes the quality of the host to the 
parasitoid, few attempts have been made to measure and 
compare the quality of hosts (House, 1977). 
In this study we utilized two pupal parasitoids of 
the gypsy moth to demonstrate differential suitability of 
hosts reared on various host plants. One, Brachymeria 
intermedia (Nees) is an introduced, established parasitoid 
(Doane, 1971) which is relatively specific on the gypsy 
moth and is often associated with high density populations 
(Leonard, 1971). The other, Coccygomimus turionellae (L.) 
is a polyphagous parasitoid of forest Lepidopteran pupae 
(Arthur and Wylie, 1959), considered for introduction as 
a parasitoid of the gypsy moth (Metterhouse, personal comm.). 
The choice of these two wasp species afforded us the oppor- 
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tunity to compare the impact of host's food plant on a 
specialist which has had a long term association with the 
gypsy moth and a generalist parasitoid which is newly 
exposed to the gypsy moth. 
We also reared another polyphagous herbivore, the 
fall webworm, Hyphantria cunea Drury, on four host plants 
which are differentially preferred by larvae (Greenblatt 
et al, 1978) and looked at the effects of host's diet on 
host suitability and host assimilation by C. turionellae. 
C. turionellae has been recorded parasitizing fall webworm 
(Thompson, 1957). 
Materials and Methods 
Gypsy moth rearing. Egg mass collections were made January 
1978 in Montague, Massachusetts. The egg masses were pooled 
and kept in plastic bags at 4* C until the time of field 
hatch. Egg masses were dehaired and disinfected by treating 
with a 10% formalin solution for one hour. Eggs were dried 
on paper towels and held in a petri dish at 23.5’C until 
larvae hatched (around 4 days). Larvae were left for 48 
hours after hatch, and then placed 10 per 8 oz. waxed cup 
at 25*C and 80% RH and 14L:10D. The larvae were fed daily 
on leaves of gray birch (Betula populifolia Marsh) or white 
oak (Quercus alba L.). Approximately 1,000 largae were 
reared on each host plant. Another 1,000 larvae were 
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reared on Bio-serv diet, which was changed every other day. 
When larvae reached the third instar, they were transferred 
to 8 oz. unwaxed cups at 5 per cup. Twenty-four hours after 
pupation all pupae were sexed, weighed and either subjected 
to parasitization or dried in an oven at 50 C for wet 
weight-dry weight relationships. 
In addition to gypsy moths obtained as described above, 
additional larvae were collected from a Montague, Massachu¬ 
setts population. Approximately 1,000 fourth instars were 
collected: 500 feeding on red oak (Quercus rubra L.) and 
500 from red maple (Acer rubrum L.). These larvae were 
reared to pupation on red oak or red maple, depending on 
the tree from which they had been collected, and then were 
utilized in experiments. Since gypsy moths consume from 
60-807, of the total food consumed in the last two instars 
(Leonard, 1974), we felt these treatments were comparable 
to laboratory hatched animals. 
Fall webworm rearing. Freshly laid fall webworm egg masses 
were collected from black cherry (Prunus serotina Ehrh.) 
trees in the Amherst area on July 1, 1978. Egg masses were 
placed in petri dishes inside of a desiccator which con¬ 
tained 200 ml of saturated NaCl solution. This solution 
provided the humid atmosphere (757, RH) necessary for hatch¬ 
ing. After hatching, groups of 60 randomly chosen larvae 
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were placed in 8 oz. cups on leaves of either black cherry, 
pin cherry (Prunus pensylvanica L.), shagbark hickory 
(Carya ovata (Mill.)), and white ask (Fraxinus americana 
L.). Five hundred larvae were started on each host species 
The containers were kept at 24*C, 70% RH, and a light cycle 
of 16L:8D. Foliage was changed every other day. When 
larvae reached second instar they were thinned out to 20 
per cup. Twenty-four hours after pupation, pupae were 
sexed, weighed and either dried (at 50*C for 48 hours) for 
wet weight-dry weight conversions or subjected to parasi- 
tization by C. turionellae. 
Parasitization (see appendix for more detailed description) 
Two pupal parasitoids were used in these studies, Brachy- 
meria intermedia and Coccygomimus turionellae. Whenever 
possible B. intermedia females were utilized that had been 
maintained on gypsy moths. Colonies of both species were 
maintained on the wax moth, Galleria mellonella. Young C. 
turionellae females that had been observed to have mated 
were used. B. intermedia females 8-10 days old, and pre¬ 
sumed to have mated were used. All parasitizing was done 
between 8:30 a.m. and 2:00 p.m. at 23.50, 70% RH, and 
natural daylight conditions. 
In order to observe oviposition by the parasitoids, 
individual wasps were placed in 8 dram glass vials, laid 
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flat on the laboratory bench. A single gypsy moth, wax 
moth, or fall webworm pupa was placed inside the vial. It 
was discovered that C. turionellae would only accept pupae 
in white cocoons. Thus, gypsy moth pupae were wrapped in 
a kimwipe. B. intermedia preferred naked pupae, so wax 
moth controls were removed from their cocoons. After ovi- 
position, the pupae were removed from the vials, weighed, 
placed in 1 oz. cups, and stored in a wasp rearing room 
maintained at 23°C, 55% RH and 16L:8D until emergence of 
the wasps. 
For each wasp species, 40 female and 40 male gypsy 
moth hosts were parasitized. Forty wax moth controls were 
parasitized by each species. In the fall webworm experi¬ 
ment, 80 black cherry hosts and 60 of each of the other 
treatments were parasitized by C. turionellae. 
Host suitability and host assimilation. We chose pupal 
parasitoids for this study so that in addition to assessing 
host suitability in terms of wasp weight, size, sex ratio 
and development time, we could compare host assimilation 
by the parasitoids, and avoid the complication of using a 
feeding host stage. The use of a parasitoid which attacks 
a feeding host stage requires consideration of the host 
size changes which occur as the parasitoid feeds. 
Host suitability was determined by weight of the wasps 
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(dry weight in mg), size of the wasps (in mm, as measured 
from anterior tip of the head to posterior tip of abdomen), 
sex ratio (using a mean sex index where 1 = female and 
2 = male), and development. Parameters were compared by 
host diet, with female and male gypsy moths considered 
separately, using an ANOVA and Duncan's multiple range test. 
Host assimilation was determined by calculation of 
gravimetric nutritional indices (Waldbauer, 1968): AD, 
approximate digestibility, ECD, efficiency of conversion 
of digested food to biomass, and ECI efficiency of conver¬ 
sion of ingested food to biomass. 
AD = 
ECD = 
(initial weight host - uneaten host) - frass X 100 
(initial weight host - uneaten host) 
weight of wasp + exuviae X 100 
(initial weight host - uneaten) - frass *. 
Ed _ weight of wasp 4- exuviae X 100 
(initial weight host - uneaten) 
The cocoons from which the wasps emerged were dissected 
into three components: exuviae, frass and uneaten host. 
Wasps and host pupal remains were dried for one week at 
50 C. Each component was weighed on an H27 Mettler balance 
(gypsy moth experiment) or a Cahn electrobalance (fall web- 
worm experiment). The initial dry weight of the parasitized 
host was calculated by multiplying the mean percent dry 
weight of the unparasitized hosts in that treatment by the 
initial wet weight of the host. 
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An ANOVA with Duncan's multiple range test was per¬ 
formed on each index, using host's diet as a treatment, 
and considering male and female gypsy moth pupal hosts 
separately. 
Results 
Gypsy moth studies. The gypsy moth pupae offered to the 
parasitoids were significantly different in weight depend¬ 
ing on diet and whether pupae were male or female (see 
Table 3). 
Table 3. Influence of food type on male and female gypsy 
moth pupal weight. 
Pupal Weight^- >2 
Food Type N Female N Male 
Gray Birch 63 0.7178c 36 0.3844c 
Red Oak 37 0.4508b 16 0.2728b 
Red Maple 10 0.3589a,b 13 0.2408b 
White Oak 33 0.3019a 15 0.1767a 
Synthetic diet 84 1.7098d 33 0.4964d 
IWet weight in gms 
^Values in columns with different letter are significantly 
different at f < 0.05. 
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Bio-serv pupae were the largest, while gray birch-reared 
were largest of the foliage treatments. White oak-reared 
and red maple-reared pupae were the smallest. The same 
trend was exhibited for female and male hosts. 
Host's diet had a significant effect of B. intermedia. 
In female hosts the heaviest, largest wasps emerged from 
red oak-reared gypsy moths (see Table 4). The lightest, 
smallest wasps emerged from white oak and red maple-reared 
hosts. The wax moth controls produced moderate sized 
wasps. The sex ratio was not significantly different by 
host diet, although red oak hosts yielded a female-biased 
sex ratio as compared to other hosts. Mean development 
time was significantly different among host diets and was 
shortest on white oak. The sex ratio of the wasps on■ 
white oak-reared hosts was male biased. Males have a 
shorter development time on white oak. Highest percent 
emergence was on white oak hosts (81%)(see Table 5). 
Emergence from red oak and Bio-serv hosts was lowest, 52% 
and 507o respectively. Sex ratio was male biased in all 
cases but red oak female hosts. 
On male hosts, B. intermedia was significantly heavier 
and larger (p < 0.01) on gray birch-reared hosts (Table 4). 
Mean development time was shortest on white oak-reared 
gypsy moths (p < 0.008). Again, the sex ratio on white 
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Table 5. Percent emergence for Brachymeria intermedia and 
Coccygomimus turionellae on female and male gypsy 
moth pupae reared on different food. 
Host Host's Food B. intermedia C. turionellae 
99 Host OU7 Host Host GOn Host 
Gypsy Moth Gray birch 71 68 63 74 
Red oak 52 77 63 60 
White oak 81 68 88 78 
Red maple 70 67 N.A. 42 
Synthetic 50 85 5 65 
Wax Moth1 Synthetic 80 54 
1 Wax moths were not sexed. 
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difference in sex ratio by host diet. The highest percent 
emergence was from Bio-serv gypsy moths. The wax moth 
control produced wasps intermediate in all parameters. 
Similarly, host's diet had a significant effect on 
C. turionellae for all measured parameters of host suit¬ 
ability. On female hosts, the heaviest wasps were produced 
on gray birch-reared gypsy moths (Table 6)(p < 0.0001). 
The largest wasps emerged from Bio-serv-reared hosts. In 
all treatments the sex ratio was female-biased. Wax moths 
were intermediate in suitability, for all parameters. The 
longest mean development time was obtained on gray birch- 
reared hosts (f> < 0.001). Percent emergence was highest 
on white oak gypsy moths (see Table 5). Although bio-serv 
female gypsy moths produced very large wasps, percent-'emer¬ 
gence was only 570, indicating poor suitability. 
On male hosts, the heaviest, largest C. turionellae 
emerged from Bio-serv-reared hosts (p < 0.001). As with 
female hosts, all sex ratios were female biased, although 
red maple-reared hosts yielded more males/females than 
other treatments. Mean development time was very rapid 
on white oak hosts, probably reflecting the small size of 
the hosts (see Table 3)(sex ratio in this case was female- 
biased) . Percent emergence was greatest from white oak- 
reared hosts, although parasitization of male gray birch 
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The three nutritional indices were significantly dif¬ 
ferent by host diet for B. intermedia on both female and 
male hosts (see Table 7). Of the female hosts, white and 
red oak were most digestible (p < 0.0001). The effi¬ 
ciencies of conversion of ingested and digested food to 
biomass were highest on red maple-reared female hosts. 
Wax moth controls were found to be less digestible, but 
moderately efficiently utilized in comparison to female 
gypsy moth hosts. Note the low ECD and ECI values on Bio- 
serv reared hosts. 
In male hosts, B. intermedia had the highest AD on 
gray birch and red maple-reared hosts. Net efficiency of 
utilization (ECD) was highest on red oak hosts and lowest 
on red maple and gray birch hosts. Gross efficiency of 
utilization (ECI) was highest on the two oak treatments 
(p < 0.01). 
C. turionellae had the highest AD on Bio-serv-reared 
females (see Table 8). Gross efficiency of utilization of 
food was highest on Bio-serv-reared gypsy moths. Post 
digestive efficiency of conversion of female hosts was 
also highest on Bio-serv treatments. Of the foliage treat¬ 
ments, gray birch was converted most efficiently to wasp 
biomass. 
In male hosts, C. turionellae had the highest mean 
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yielded the highest ECD and ECI values. Wax moths were 
moderately digestible by C. turionellae in comparison to 
female and male gypsy moth hosts. They were as efficiently 
utilized in terms of ECI as the highest gypsy moth host, 
and more efficiently utilized (ECD) than female hosts. 
In general, for both wasp species, on male and female 
hosts, AD and ECD were inversely related. B. intermedia 
on female hosts did not follow this trend, since lowest 
ECD was on Bio-serv diet gypsy moths, although AD was an 
intermediate value. Another exception was values obtained 
for female Bio-serv diet gypsy moths utilized by C. 
turionellae, which were highest for all three indices. 
For both wasp species, male hosts were more efficiently 
utilized than female hosts. 
Fall webworm studies. The weight of fall webworm pupae 
offered to C. turionellae were significantly different 
by host plant species (Table 9). Pin cherry produced the 
largest pupae, followed by black cherry, shagbark hickory 
and ash. 
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Table 9. Influence of food on fall webworm pupal weights. 
Host's Food N Pupal Weight^’^ 
Black cherry 40 0.0944 
Pin cherry 40 0.1477 
Shagbark hickory 40 0.0704 
White ash 40 0.0704 
-1-Wet weight in grams. 
^Mean significantly different at p < .04. 
The dry weight of C. turionellae was significantly 
different by host's diet (p < 0.002)(Table 10). The 
heaviest wasps were obtained from black cherry-reared 
pupae. The most digestible host was the shagbark hickory 
treatment (p < 0.019). Post-digestive efficiency of 
conversion of host to wasp biomass was significantly 
lower on shagbark hickory-reared fall webworms (p < 0.002). 
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The hosts offered to the parasitoids varied in size 
depending on their food plant. Host suitability for the 
parasitoids, however, was not simply a function of host 
size. A regression of B. intermedia weight with host 
weight had an r^ = 0.001 indicating that wasp weight was 
not dependent on host weight. B. intermedia produced the 
largest wasps and the most females on red oak-reared gypsy 
moths which were not the largest hosts, but are those on 
which this wasp is likely to occur in the field. On male 
hosts, however, the largest mean wasp size was obtained on 
gray birch-reared hosts. B. intermedia is unlikely to 
encounter large numbers of gray birch-reared hosts in.the 
field, as gray birch is seldom an acceptable host to larvae 
(Barbosa et al, in manuscript). A possible explanation for 
the relatively poorer success of B. intermedia on red oak- 
reared males is the small size of these hosts. This sug¬ 
gestion is supported by the high ECD found on male red oak 
gypsy moths. High ECD is often associated with low avail¬ 
ability of high quality food (Soo Hoo and Frankel, 1968; 
Schroeder, 1976; Scriber, 1978). Red oak female gypsy moths 
were shown to be high quality food. 
For C. turionellae, on the other hand, which does not 
normally parasitize the gypsy moth (but does parasitize the 
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closely related nun moth, L. monacha) wasp size reflected 
food suitability for the host. That is, gray birch appears 
to be the most suitable foliage for the gypsy moth and 
wasps were heaviest and largest on gray birch-reared hosts. 
A regression of C. turionellae weight (based on all emerg¬ 
ing wasps) with host weight had an r^ = 0.80. Gray birch 
male hosts were most digestible, although they had a poor 
ECD. Female gray birch pupae were efficiently utilized 
compared to the other host treatments. An analysis of 
hemolymph of gypsy moths reared simultaneously with hosts 
used in these experiments, showed that gray birch-reared 
females had the highest carbohydrate concentration and 
free amino acid concentration (Greenblatt and Barbosa, in 
manuscript). Thompson (1976) showed that high free amino 
acid and high carbohydrate is optimal for parasitoid nutri¬ 
tion in another ichneumonid, Exeristes roborator, and we 
suggest this may be the case for C. turionellae. Some 
other factors must determine suitability for B. intermedia. 
On fall webworm, C. turionellae did not show the same 
relationship between size of the host (as a function of its 
food plant) and size of the wasps. Pin cherry produced 
largest fall webworms (Calvert et al, in manuscript) but 
black cherry-reared hosts produced largest wasps. Black 
cherry-reared hosts were utilized more efficiently as well. 
Black cherry is the most common host plant of the fall 
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webworm in this area while pin cherry is a rarer host for 
the fall webworm. We did not assay hemolymph, but it is 
possible that there was a difference in carbohydrate/nitro¬ 
gen relationship between black and pin cherry hosts. Ash 
reared fall webworms were smallest and wasps were smallest, 
although utilized as efficiently as pin cherry-reared hosts. 
Ash is a poor host for fall webworms although often utilized 
in the field (Greenblatt et^ al, 1978) . 
Wax moths were of intermediate suitability for B. inter¬ 
media . They were less digestible than gypsy moths but had 
a high ECD compared to female gypsy moths. Minot and 
Leonard (1976) found no difference in suitability of wax 
moths versus gypsy moth for B. intermedia. Their parasitoid 
colony was maintained on wax moths, whereas ours was on 
gypsy moths, and might have been induced to prefer gypsy 
moths. 
It has been suggested that parasitic wasp sex ratio 
can depend on the quality of the host. A smaller, poorer 
host should give rise to more males than females (Arthur 
and Wylie, 1959; Fisher, 1971). We did not find this to 
be the case with our studies on intraspecific host variabi¬ 
lity. C. turionellae generally produced more female pro¬ 
geny than male, even on very small hosts, such as ash- 
reared fall webworm pupae. 
The efficiency of conversion of digested food to bio- 
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mass for most herbivores is 20-40% (see review in Scriber, 
1978). Reports for parasitoids are considerably higher, 
as would be expected for secondary consumers. Pimpla 
turionellae converts at 35%, efficiency (calculated from 
Arthur and Wylie, 1959). For larval Nemeritis canescens, 
a larval parasitoid, 94% AD, 61% ECI and 65% ECD were 
reported, although net and gross efficiency based on pro¬ 
duction of adult biomass were 20%, (Howell and Fisher, 1977). 
Chlodny (1968) found a net efficiency of 66%, for larval 
Pimpla instigator, a pupal parasitoid. None of these 
studies included host's diet as a factor. The values we 
obtained for both parasitoid species were comparable to 
values obtained for herbivores. Finally, C. turionellae, 
a generalist and a novel parasitoid of the gypsy moth, 
utilized gypsy moths more efficiently than the specialist 
B. intermedia, the opposite trend reported for herbivores, 
in which the specialists utilize their food more effi¬ 
ciently than generalists (Scriber, 1978; Calvert et al, in 
manuscript). 
In summary, host suitability, in terms of size, sex 
ratio and development time, for an individual parasitoid, 
is influenced by host's diet, such that for B. intermedia, 
larger and potentially more vigorous individuals emerged 
from the major food plant of the host. For C. turionellae, 
larger and potentially more vigorous individuals emerged 
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from the hosts reared on the most suitable host plant. 
Percent emergence, however, was highest for both parasi- 
toids, in all cases (except B. intermedia on male hosts) 
on white oak-reared hosts. White oak produced very small 
gypsy moths (Table 3) and other studies suggest that white 
oak may be a less suitable host plant than other oaks 
(Hough and Pimentel, 1978; Mosher, 1915; Clements and 
Munro, 1917). Cheng (1970) suggested that poor emergence 
from oak-reared winter moths by its parasitoid Lypha dubia 
was due to encapsulation by the more vigorous winter moths 
produced on oak. Our data for percent emergence on female 
hosts supports this hypothesis (although we did not speci¬ 
fically look at encapsulation) as emergence values are 
inversely correlated with host's vigor for both parasitoid 
species. On male hosts a similar trend is not found, with 
percent emergence generally being high. On the other hand, 
the very low percent emergence observed on female Bio-serv 
gypsy moths, may not have been the result of encapsulation, 
as very few adult moths emerged. 
Although we were not able to determine fecundity of 
the wasps because we used dry weights for determination of 
the nutritional indices, we can suggest that fecundity, 
often correlated with size, will vary with host's diet, as 
did wasp size. Wasp size may also influence overwintering 
• success of Brachymeria intermedia, which overwinters as 
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an adult. 
In conclusion, the regulatory impact of parasitoids 
on an herbivore population is influenced by the herbivore- 
host plant relationship. It has been previously shown that 
cues from host's food plants are used in host finding (Read 
et al, 1970; Vinson, 1976; Harrington and Barbosa, 1978; 
van Emden, 1978). We have shown that host intraspecific 
variability, due to food plant, and modified by host sex, 
may influence host suitability, a finding likely to be of 
critical importance for polyphagous herbivores and those 
hosts that expand their diet as population density increases. 
CHAPTER V 
EFFECT OF HOST'S DIET ON NITROGEN UTILIZATION 
EFFICIENCY BY TOO PUPAL PARASITOIDS OF THE 
GYPSY MOTH: BRACHYMERIA INTERMEDIA 
AND COCCYGOMIMUS TURIONELLAE 
Introduction 
The efficiency of nitrogen utilization is frequently 
used to assess the suitability of food for phytophagous 
insects (Slansky and Feeny, 1977; Slansky, 1978; Fox and 
MacCauley, 1977; Scriber, 1978; Schroeder, 1976). Effi¬ 
ciency can vary both among and within food species, depend¬ 
ing on such factors as nitrogen content (Slansky and Feeny, 
1977) or water content of host plants (Scriber, 1978). 
With the development of in vitro rearing techniques 
there has been increased interest in food utilization by 
parasitoids (Yazgan, 1972; Hoffman et al, 1973). Variation 
in the nutritional quality of host hemolymph has been shown 
to be an important aspect of the suitability of hosts for 
parasitoids (Bouletreau, 1975; Thompson, 1975). A host's 
food plant can influence both the nutritional quality of 
its hemolymph (Greenblatt and Barbosa, in manuscript; 
Altahtawy et_ al, 1976; Smith, 1957; Shapiro, 1956; Flanders, 
1942; Cheng, 1970). This study attempted to ascertain 
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whether patterns of nigrogen utilization efficiency (as 
influenced by food plant of the host) parallel data on the 
impact of host's food on the development and nutrition 
efficiencies of two pupal parasitoids of the gypsy moth, 
Brachymeria intermedia and Coccygomimus turionellae. 
Materials and Methods 
Gypsy moths were reared in the laboratory at the time 
of field hatch on white oak, Quercus alba, gray birch, 
Betula populifolia or Bio-serv gypsy moth diet (Bio-Mix 
#722-A). The foliage was changed daily and the artificial 
diet changed every other day. Larvae were reared, 10 per 
cup, in 8 oz. waxed cups, at 25°C, 20% RH and 14L:10D for 
the first two instars. When larvae reached the third 
instar, they were transferred 5 per cup to 8 oz. unwaxed 
cups. In addition, fourth instar larvae were collected 
from red maple, Acer rebrum, and red oak, Quercus rubra, 
trees in a high density population in Montague, Massachu¬ 
setts. These larvae were brought back to the laboratory 
and reared to pupation on the foliage of the species from 
which they had been collected. Since from 60-80% of the 
total food consumed by gypsy moth larvae is ingested in the 
last two instars (Leonard, 1974), we felt these treatments 
were comparable to laboratory hatched animals. 
Twenty-four hours after pupation, gypsy moths were 
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sexed, weighed and either dried in an oven at 50 C or sub¬ 
jected to a single parasitization by B. intermedia or C. 
turionellae. Wax moths, Galleria mellonella, the usual 
laboratory hosts for the parasitoids, were used as controls. 
They were maintained on Bio Mix #770A. 
For each gypsy moth diet treatment, and for the wax 
moths, three successfully parasitized female pupae, from 
which female parasitoids emerged, were randomly chosen. 
The pupae were dissected into three components: exuviae, 
parasitoid frass and uneaten host for determination of 
nitrogen utilization efficiency. The wasps and the pupal 
remains were dried at 50°C for 48-96 hours and then held 
in a desiccator. The wasp and exuviae were considered 
together. Each component was weighed and wrapped in a 
piece of Whatman 42 Ash-free filter paper and then analyzed 
for nitrogen content. Three unparasitized pupae from each 
diet treatment, and three control pupae were analyzed to 
estimate the initial amount of nitrogen available to the 
parasitoid. 
Nitrogen was determined by the conventional Kjeldahl 
method. The digestion mixture used consisted of 5g potas¬ 
sium sulfate, 5 mg selenium, and 12 ml sulphuric acid. 
Kjeltec apparatus (Tecator, Inc., Boulder, Colorado) was 
used for distillation. 
We assumed that no net nitrogen was lost from the 
system and thus nitrogen utilization efficiency was calcu¬ 
lated as follows: 
_ wasp & exuviae nitrogen_ 
wasp & exuviae + frass nitrogen X 100 
An ANOVA was used to compare host treatments, with a Dun¬ 
can's multiple range test (0.05). 
Results and Discussion 
Host food plant has a significant influence on the 
efficiency of utilization of nitrogen by both parasitoid 
species (see Table 11). 
Table 11. Mean percent nitrogen of gypsy moth and wax 
moth pupae. 
Moth Diet 7o Nitrogen 
L. dispar Red oak 11 
White oak 11 
Red maple 14 
Gray birch 9 
Synthetic 9 
G. mellonella Synthetic 6 
For B. intermedia white oak-reared gypsy moths were util¬ 
ized most efficiently and Bio-serv-reared gypsy moths 
utilized least efficiently. For C. turionellae, red maple- 
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reared gypsy moths were utilized most efficiently and gray 
birch-reared gypsy moths utilzied lease efficiently. For 
B. intermedia, efficiency is inversely related to host 
size, as white oak hosts were smallest and Bio-serv hosts 
the largest. For C. turionellae, efficiency is also 
inversely related to host size with the exception of the 
Bio-serv treatment. In that case, more nitrogen was pro¬ 
duced in the wasps and less in the frass than in the 
smaller-sized gray birch-reared hosts, yielding a higher 
efficiency on gray birch. In all cases nitrogen utiliza¬ 
tion efficiency values were probably over-estimations, 
since we could not separate excretory nitrogen from 
egested nitrogen in analyzing the frass. 
Both parasitoid species had a very high efficiency 
value on wax moth hosts. This may be due partially to 
the small size of wax moth hosts. In addition, the nitro¬ 
gen content of wax moths is considerably lower than that 
of gypsy moths (see Table 12). There appears to be an 
inverse relationship between percent nitrogen and percent 
lipid content of some insect carcasses (Lii et al, 1976). 
The lipid content of wax moths is apparently quite high, 
as pupae dried for several weeks leave a large residue of 
oily substance. (A table in Gilbert, 1967, reports lipid 
content of G. mellonellae larvae is 56.27> on a dry weight 
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basis.) This may explain the high efficiency value on wax 
moth hosts. 
There was no real difference between the two parasi- 
toid species in the efficiency of utilization of nitrogen 
for each host treatment, with the exception of the poor 
utilization of Bio-serv-reared gypsy moths by B. intermedia. 
This similarity was somewhat surprising, given that B. 
intermedia, a Chalcid, is a specialist on the gypsy moth, 
while C. turionellae, an Ichneumonid, does not normally 
parasitize gypsy moths. 
With the exception of the wax moth figures, the values 
obtained for nitrogen utilization efficiency are lower than 
those reported for lepidoptera (38-69%)(see summary table 
in Schroeder, 1976; Scriber, 1977; Slansky, 1977, 1978). 
Wightman and Rogers (1978) found Megachile pacifica, a 
phytophgous Hymenopteran, had a nitrogen utilization effi¬ 
ciency of 877o. The low efficiency values we found for the 
parasitoids may reflect the high availability of nitrogen 
in the form of free amino acids found in host hemolymph. 
CHAPTER VI 
INTERPOPULATION QUALITY IN GYPSY MOTHS WITH 
IMPLICATIONS FOR SUCCESS OF TWO PUPAL 
PARASITOIDS: BRACHYMERIA INTERMEDIA (NEES) 
AND COCCYGOMIMUS TURIONELLAE (L.) 
Introduction 
Populations of the gypsy moth are described in four 
stages: innocuous, release, outbreak, or decline, depending 
on their density and relative stability (Campbell and Sloan, 
1978) . The innocuous and outbreak types are considered 
fairly stable and may exist for several years (Campbell and 
Sloan, 1978). Understandably, most studies have focused on 
the factors that initiate and/or maintain these phases. 
There have been fewer investigations of the parameters 
which characterize the individuals in a given phase. For 
example, Leonard (1968) and Capinera and Barbosa (1977) 
found that larval crowding in the laboratory reduced the 
numbers of eggs per egg mass. Capinera and Barbosa (1977) 
also found that field collected egg masses from different 
population densities varied in the number of eggs per mass. 
Inherent differences in the vigor of individuals from dif¬ 
ferent population densities was suggested by Shapiro (1957). 
He found differences in pupal weights of gypsy moths col- 
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lected from different populations and reared on oak. Pupal 
weight was greatest in individuals from low populations, 
and lowest in individuals from high populations. Unfor¬ 
tunately, it is not clear if the gypsy moths were laboratory 
reared under identical conditions or field collected, so 
that pupal weights might have been due to less food and/or 
sublethal infections. Nevertheless, the differences Shapiro 
found affected the Tachinid parasite Sturmia scutellata such 
that heavier flies emerged from low density gypsy moths. 
We suggest that differences in host vigor between indivi¬ 
duals in population phases might have implications for 
natural enemies, just as host's diet, climate, geographical 
strain and host availability have been shown to influence 
parasitoid success (Van den Bosch and Messenger, 1971; 
Pschorn-Walcher, 1977; Varley, Gradwell and Hassell, 1973). 
In this study we looked at some aspects of the inher¬ 
ent variability in gypsy moth physiology, due to the nature 
of the population from which they originated. That is, 
differences were quantified in the progeny of gypsy moths 
from innocuous, release and outbreak phase populations. 
Moreover, the effects of this variability on two pupal 
parasitoids were assessed. Brachymeria intermedia (Nees) 
is an introduced, established parasitoid, relatively spe¬ 
cific on the gypsy moth and associated with high density 
populations (Doane, 1971; Reardon, 1976; Ticehurst £_tL aL, 
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1978). Coccygomimus turionellae (L.) is a polyphagous 
parasitoid of forest Lepidoptera pupae, considered for 
introduction as a control agent of the gypsy moth (Met- 
terhouse, personal comm.). 
Materials and Methods 
Egg mass collection and rearing. Egg masses were collected 
from three sites representing different population phases. 
The innocuous or low density site was in Ludlow, Massachu¬ 
setts, where 10 randomly picked 1/100 hectare sample units 
revealed no egg masses. Upon a more extensive search 
covering about 1 hectare, we were able to find 5 egg masses 
The release, or moderate density site, was in Montague, 
Massachusetts, with an estimated average density of 30 egg 
masses per 1/100 hectare. The outbreak or high density 
site was also in Montague, Massachusetts, with an estimated 
average density of 381 egg masses per 1/100 hectare. Col¬ 
lections were made in February, 1978, and the egg masses 
kept in plastic bags at 4°C. Egg masses were removed from 
the refrigerator at the time of field hatch, were dehaired, 
and were disinfected with a 107o formalin solution. Approxi 
mately 1,000 randomly selected larvae from each treatment 
were reared on Bio-serv gypsy moth diet #7220A, 10 per 
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cup, in 8 oz. unwaxed cups. When larvae became third 
instars they were changed to 5 per cup. Twenty-four hours 
after pupation, pupae were sexed, weighed and used either 
for hemolymph analysis or parasitization. 
Hemolymph analysis . Hemolymph was collected from larvae 
and pupae from each treatment for analysis or carbohydrates 
and from pupae for analysis of free amino acids. For the 
carbohydrate analysis 10 jul from each of 3 pupae (or larvae) 
were pooled per sample. A few crystals of PTU were included 
to prevent melanization. Four replicates were collected 
per treatment. Hemolymph was deproteinized in 2.0 ml 
chilled 80% methanol. Samples were centrifuged for 10 
minutes. The supernatant was transferred to a 40 C water 
bath and evaporated to dryness. One ml of distilled H2O 
was added back. The carbohydrate solution was desalted 
through an ion exchange column (Wyatt and Kalf, 1957). 
Paper chromatography was used to separate carbohydrates. 
The solvent system giving the best separation of glucose 
and trehalose was butanol:pyridine:water (6:4:3). A silver 
nitrate dip (Trevelyan e£ al, 1950) was used to identify 
sugars. Glucose and trehalose spots on duplicate samples 
were eluted with distilled water. Quantification of sugars 
was made with the anthrone reagent and read at 620nm 
(Mokrasch, 1954). 
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An analysis of free amino acid in pupal hemolymph from 
low and high density treatments was made. Twenty-five ;ul 
hemolymph from each of six pupae were pooled. Four repli¬ 
cates per treatment were collected. The hemolymph was 
deproteinized with 4.0 ml cold 80% methanol to which a few 
crystals PTU were added. The samples were centrifuged for 
10 minutes to remove hemocytes (low speed GT-2 model). 
The hemolymph was freeze-dried and the residue dissolved 
in 4.0 ml pH 2.2 Na citrate buffer. One ml aliquots were 
run on a Beckman/Spinco Model 120C Amino Acid Analyzer. 
Parasitoid studies. Forty pupae of each sex, from each 
population, were submitted to parasitization by either B. 
intermedia or C. turionellae. Each oviposition was observed. 
Female parasitoids used in experiments were either observed 
mating or had been maintained in cages a sufficient period 
of time to allow mating. The B. intermedia colony was main¬ 
tained on Bio-serv reared gypsy moths. The C. turionellae 
colony was maintained on Galleria mellonella. 
Host suitability was evaluated by determining dry 
weight of the wasps (after drying for 48 hours at 5CfC) , 
size (as measured from anterior end of head to posterior 
tip of abdomen), sex ratio and development time. 
After wasps emerged, the remains of each gypsy moth 
pupa were dried and dissected into the components: uneaten 
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pupa, wasp frass and wasp exuviae. The following gravi¬ 
metric nutritional indices were calculated (Waldbauer, 1968) 
AD wt of host digested X 100 
wt of host ingested 
ECD = wasp wt & exuviae wt X 100 
wt of host digested 
ECI = wasp wt & exuviae wt X 100 
wt of host ingested 
Developmental parameters and nutritional indices were 
analyzed by an ANOVA with host population sources as the 
treatment. Hosts were considered separately by sex, as the 
sexes differed in suitability to parasitoids. 
Results 
Gypsy moth. The amount of time lapsed between removal from 
cold storage and hatch differed between the three popula¬ 
tions. Larvae began hatching from the high density popula¬ 
tion in five days, but eggs from the low density population 
did not begin hatching for eight days. Hatch from the 
moderate population began after four days. There was no 
significant difference in larval development time between 
the three groups (Table 13). 
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Although all larvae were reared under identical con¬ 
ditions and did not have significantly different develop¬ 
mental periods, there was a significant difference in mean 
pupal weight for both females and males (Table 13). Pupae 
from the moderate density population were largest, although 
mean male pupal weight was not significantly different from 
low density male pupal weight. Female and male pupae from 
low population egg masses were significantly larger than 
pupae from eggs collected in the high population. More¬ 
over, low density females (mated with low density males) 
had significantly more eggs per egg mass than high density 
females (with high density males). 
The carbohydrate analysis showed high density pupae 
had a higher concentration of both glucose and trehalose 
than pupae from low or moderate density populations 
(Table 14). No high density samples were available for 
analysis of larval hemolymph concentration. Larvae and 
female pupae from the moderate populations had a higher 
concentration of carbohydrate than from the low density 
individuals. Male pupae from the innocuous phase had a 
higher concentration than males from the release phase 
(not significantly different however). 
Few differences were observed in the hemolymph amino 
acid analysis of low and high density pupae (Table 15). 
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or tyrosine but had approximately twice the serine concen¬ 
tration of other treatments. Low density males did not 
have any phosphoserine and had one-half the tyrosine of 
the high density pupae. High density females and males 
appeared to have the same concentration of free amino acids 
in their hemolymph, although females had a higher concen¬ 
tration of phosphoethanolamine. No analysis of the basic 
amino acids was performed for high density males. The 
basic analysis for high density females was accidentally 
terminated before arginine was detected. No significant 
difference was observed in basic amino acid concentration 
between treatments. 
Parasitoids. B. intermedia reared on high density pupae 
were significantly heavier than those reared on moderate 
and low density pupae (see Table 16). The magnitude of 
the difference was even larger on male hosts. No signi¬ 
ficant difference in the size, development time, or sex 
ratio of emerging parasitoids was observed on either 
female or male hosts. More females than males emerged 
from moderate density female hosts, and more females 
emerged from male high density hosts. Percent emergence 
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C. turionellae was significantly heavier on low den¬ 
sity female hosts than moderate or high density hosts, 
although longer on moderate density hosts (Table 17). On 
male hosts, C. turionellae was heavier and longer when 
emerging from moderate density pupae. Development time 
was not different on any of the treatments, for either 
host sex. Sex ratio of wasps on female hosts was 50:50 
on high density female hosts, and all females on low and 
moderate hosts. On high density male hosts, more males 
than female parasitoids are produced, while low and moder¬ 
ate hosts produced more females than males. Percent 
emergence was very small on female hosts (2-127.) for all 
treatments. Percent emergence was higher on male hosts, 
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For B. intermedia there was a significant difference 
in approximate digestibility on each host type. Low den¬ 
sity female hosts were more digestible, while high density 
male hosts were more digestible (Table 18). On female 
hosts there was no difference in ECD or ECI between host 
types. On male hosts, differences were significant. 
Moderate density pupae yielded a significantly higher 
ECD and ECI than low or high density. Regardless of den¬ 
sity, male hosts were converted to parasitoid biomass 
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For C. turionellae AD was highest on female low den¬ 
sity hosts but significantly lower on male low density 
pupae. A higher ECD and ECI was obtained on moderate 
density female pupae compared to low and high density 
hosts. No significant difference in ECI was found among 
parasitoids on male pupae. A significantly higher ECD 
was found on low density pupae. As was the case with 
B. intermedia, female hosts were more digestible but 
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The effects of‘population density in size, fecundity 
and development rate of insects in culture were reviewed 
recently by Peters and Barbosa (1977). Some of the mani¬ 
festations of crowding which provide interpopulation vari¬ 
ability included polymorphism, lowered wing loading, delayed 
emergence, decreased life span, coloration changes, change 
in instar numbers, increased disease, greater tolerance to 
starvation et cetera. Fewer examples of density effects 
on subsequent generations were reported. Most such studies 
have been on aphids and grasshoppers. Dixon and Wratten 
(1971) found that density of the parental generation affects 
the fecundity of the FI generation of Aphis fabae. Lees 
(1967) studied the effect of crowding on alate production 
in Megoura viciae. Smith (1972) found that although crowd¬ 
ing lowered fecundity in the parental generation, the FI 
generation in a grasshopper species was more fecund and 
lived longer. Gooding and Hollebine (1977) assessed the 
extent to which maternal influence on progeny weight and 
development time is genetically determined, and found 
maternal nutrition to be the primary causative factor in 
the tsetse fly. Labeyrie (1978) in a review of fecundity 
suggests that progeny fecundity may be generally influenced 
by maternal nutrition. 
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The reduced fecundity, due to maternal crowding, 
observed in subsequent generations in some species, may 
serve as a "negative feedback" on population density 
(Andrewartha, 1970). There is some evidence for this in 
forest Lepidoptera. Fecundity is reduced in outbreak den¬ 
sities of the spruce budworm (Blais, 1952; Miller, 1957). 
Mason et al (1978) found a reduction in fecundity after 
an outbreak of Douglas fir tussock moth in Oregon. Larch 
bud moth fecundity also decreases with an increase in 
larval density (Baltensweiler et al, 1977). For these 
three species decline in fecundity is related to changes 
in foliage availability and/or nutrient composition, as 
a result of previous defoliation. 
We have demonstrated an inverse relationship between 
degree of crowding of parental gypsy moths in the field, 
and pupal weight of the subsequent generation when reared 
in the laboratory on artificial diet, under identical con¬ 
ditions. Pupal weight is correlated to fecundity in the 
gypsy moth. High density individuals also hatched sooner, 
suggesting either reduced yolk reserves or greater expo¬ 
sure to adverse weather conditions due to the absence of 
foliage or both. Because we also found differences in 
hemolymph carbohydrate concentration, we suggest that there 
are physiological differences between individuals from the 
different phases of the population dynamics of the gypsy 
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moth. This is further supported by Wallner and Walton 
(1979) who found a decrease in fecundity when female gypsy 
moths were reared on previously defoliated trees, suggest¬ 
ing a potential density induced effect. 
There are several reports of how parasitoids of forest 
Lepidoptera vary in their success depending on host density. 
Pschorn-Walcher (1977) discusses two examples. For the 
winter moth, the tachinid Cyzenis albicans predominates in 
high density situations and Agrypon flaveolatum in low den¬ 
sities. For the European pine sawfly, two ichneumonids 
predominate in low densities only. There are similar 
reports from studies on the gypsy moth parasitoid complex. 
Barbosa et al (1975), Reardon (1976) and Ticehurst et al 
(1978) found certain species associated with different 
population phases. 
In general, the ability to successfully control a host 
at low densities is attributed to high search ability and 
other traits associated with adult parasitoids (Huffaker 
et al, 1977). Indeed data collection reflects this assump¬ 
tion. The comparison of parasitoid complexes between popu¬ 
lations typically is based on calculation of percent emer¬ 
gence of parasitoids from collected hosts, as if emergence 
was synonymous with host utilization. In fact, the host- 
parasitoid relationship consists of several components 
including host habitat finding, host finding, host accept- 
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ability, host suitability and host regulation (Vinson, 
1976). Our studies suggest that host suitability may be 
particularly important in determining successful parasiti- 
zation and parasitoid population dynamics. For example, 
hosts in one population may be unsuitable for a parasitoid 
species so that percent emergence will be low. It is 
important to know the relationship between percent parasi- 
tization and percent emergence in evaluating parasitoid 
success. 
The differences observed in gypsy moths related to 
population sources also may influence life history strate¬ 
gies of the parasitoids. The specialist, B. intermedia, 
reportedly more successful in high density population 
(Reardon, 1976; Ticehurst et: aT, 1978) produced heavier 
wasps on hosts coming from the high density source. Not 
only were individuals heavier and larger, but percent emer¬ 
gence was higher on high density hosts, suggesting that 
more than increased availability or optimal microclimate 
contributes to the success of B. intermedia in high host 
densities. C. turionellae, the generalist parasitoid, for 
which the gypsy moth is a novel host, appeared to find 
pupae from the low or moderate population sources more 
suitable. Relatively few species of forest phytophagous 
insects typically occur in outbreak numbers (Mattson and 
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Addy, 1975), so that low or moderate density types of pupae 
are what C. turionellae is likely to encounter. 
Finally, both parasitoid species more efficiently 
utilized male hosts than female hosts. Campbell (1976) has 
shown that the sex ratio of gypsy moth pupae varied between 
sparse and outbreak populations. Female pupae were killed 
by predators at a higher rate in high populations. This 
may be another way in which host density can affect host 
suitability, and thus host utilization of the gypsy moth 
by parasitoids. For example, the number of male hosts 
available may determine the numbers of parasitoids emerging 
while the number of female hosts may determine the "vigor" 
of the parasitoids. 
CHAPTER VII 
CONCLUSIONS AND SUGGESTIONS 
FOR FUTURE RESEARCH 
Intraspecific variability in the quality of gypsy 
moth pupae was induced by diet and population source. 
Pupae obtained from individuals reared from gray birch were 
larger than those obtained from other foliage (red oak, 
white oak or red maple). Pupae from egg masses originating 
from innocuous (= low density) and release (= moderate den¬ 
sity) populations were significantly larger than those from 
outbreak (= high density) populations, even though all 
individuals were reared in the laboratory under identical 
conditions. 
In addition to variation in pupal size, some differ¬ 
ences in hemolymph biochemistry were also observed. Gray 
birch reared pupae contained higher concentrations of car¬ 
bohydrates and free amino acids than oak-reared pupae. 
Qualitative differences in free amino acids were found. 
It is not know if variation in hemolymph nutrient content 
reflects foliar differences in these nutrients, but research 
with other systems suggests that this may be the case (Dur- 
zan and Lopushanski, 1968; Shaw and little, 1977; Florkin 
and Jeuniaux, 1974). Differences in nitrogen content, 
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water content and fiber content for some of the species 
utilized in this experiment were reported by Hough and 
Pimentel (1978). Quantitative differences in hemolymph 
were observed between pupae from the population source 
experiment as well. These findings may have important 
implications for the population biology of the gypsy moth. 
Under increasing density gypsy moths will expand their 
host range which may subsequently alter their physiology 
(and survival) and their suitability to parasitoids (and 
thus, survival). Gypsy moths from different population 
"types" may also vary in their physiology and "fitness." 
The differences in gypsy moths (and similar differ¬ 
ences in the fall webworm) were found to affect the two 
pupal parasitoids: Brachymeria intermedia and Coccygomimus 
turionellae, with respect to weight, size, successful emer¬ 
gence and nutritional indices (AD, ECD, ECI and NUE). The 
influence of size and biochemical host variability was 
different for each parasitoid species. B. intermedia was 
most successful on gypsy moths similar to those most often 
encountered in the field, i.e., red oak reared and high 
density gypsy moths (Doane, 1971; Ticehurst e_t al, 1978). 
Success of C. turionellae reflected size of the host, a 
finding which was previously reported for this parasitoid 
with respect to interspecific variability in host size 
(Arthur and Wylie, 1959), but not intraspecific variability 
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in host size. Both parasitoid species were affected by- 
sex of the gypsy moth with respect to weight, size and per¬ 
cent emergence of parasitoids, and efficiency of utilization 
of hosts. Female hosts generally produced larger parasi¬ 
toids but male hosts were more efficiently utilized and gave 
rise to a higher percent emergence. 
The results of these studies suggest that intraspeci¬ 
fic variability may influence parasitoid success in nature, 
especially on polyphagous hosts with episodic outbreaks. 
The potential impact of biological control agents is often 
based on acceptability of hosts and efficiency of attack 
with increased host density in laboratory studies (Huffa- 
ker et_ al, 1977; Hubbard and Cook, 1978). Actual impact 
is based on collections of hosts and percent emergence of 
parasitoids (McLeod, 1975) with no estimation of parasiti- 
zation rate. Host suitability is not monitored either 
before or after introduction. It may be that the differ¬ 
ence between host range as determined in laboratory exper¬ 
iments and the hosts utilized in the field, may be in part, 
due to variability in suitability. This difference may 
explain the high failure rate of biological control. 
There are implications for mass rearing of biological 
control agents as well. The genetic consequences of mass 
rearing parasitoids and predators have been reviewed by 
Mackauer (1976). The effects of mass rearing on behavioral 
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quality were reviewed by Boiler and Chambers (1977). Con¬ 
tinuous rearing on hosts of similar quality may influence 
physiological quality of parasitoids. 
Several important aspects of the effects of intraspe¬ 
cific variability on host quality remain to be tested. 
First, further biological parameters such as longevity, 
fecundity, overwintering success and dispersal need to be 
examined. Second, it must be determiend if differences 
occurred in emerging parasitoids and hence subsequent 
acceptability of the host. Third, other parasitoid species, 
especially Tachinids, and other species attacking pre-pupal 
stages need to be tested. 
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APPENDIX I 
Biochemical Procedures 
I. Collection of hemolymph 
Hemolymph was collected from 24-hour old fifth instar 
larvae and 24-hour old male and female pupae. A hind leg 
was removed with a sharp scissors, and a disposable micro¬ 
pipette, with a few crystals of PTU was placed at the drop 
of blood that collected at the wound. 
II. Carbohydrate analysis 
Ten microliters from each of three individuals (total 
of 30) were collected into clean chilled 5 ml glass vials 
containing 2.0 ml 807. methanol. Ten microliter disposable 
pipettes were easiest to use. The vials were quickly, 
covered with teflon-lined screw caps and shaken well. 
The vials were then stored in a refrigerator for 1-3 months. 
Four replicates per diet or treatment were collected. 
Preparation of samples. The samples were brought to 
room temperature and left for 3-4 hours or overnight. 
They were then transferred to 3 ml glass centrifuge tubes 
and centrifuged for 10 minutes (on GT-2 centrifuge, speed 
set at 6). The supernatant was transferred to a 4 ml round 
bottomed glass tube. These tubes were then placed in a 
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40C water bath, and the samples were evaporated to dryness 
by bubbling with We added back 1 ml of distilled I^O. 
After vortexing the solution, we desalted the sample by 
passing through an ion-exchange column (Wyatt and Kalf, 
1957). 
Desalting procedure. Baker's Ion Exchange Resin A-540 
as the anion exchanger and Baker's Ion Exchange Resin ANGC- 
244 as the cation exchanger were used. The columns were 
drained until the water level was just above the level of 
the resins. The sample was then added to the top of the 
column and the effluent collected. The sample passed 
through the column at a rate of 1 ml/minute. When the 
level of the sample neared the top level of the resin, we 
began rinsing with distilled water until we had collected 
a total of 5 ml in a 15 ml centrifuge tube. The samples 
were covered with parafilm and stored in a refrigerator 
for up to three days, at which time they were evaporated 
to dryness (using an Evapo-mix). 
The resins were prepared by washing 3-4 times with 
distilled water and then were stored in plastic squeeze 
bottles. 
The columns consisted of 5-3/4 inch disposable pasteur 
pipettes set up vertically on pipette holders. A small 
piece of glass wool is placed inside the bottom of a 
pipette. A three inch piece of plastic tubing is attached 
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to the bottom of the pipette and clamped with an adjust¬ 
able clamp. Approximately one inch of anion was placed on 
top of one inch of cation. The columns were covered with 
parafilm and allowed to sit for at least one hour before 
use. They must be kept wet at all times. 
Identification and Assay. Paper chromatography, 
ascending method was used to separate carbohydrates. A 
solvent system of fresly mixed 1-butanol-pyridine-water 
(6:4:3) was found to give the best separation of glucose 
and trehalose. Whatman #1 chromatography paper was cut 
in 12M X 11-1/4" rectangles. The original was one inch 
from the bottom. Samples were spotted one inch in from 
the edge, and two inches apart (6 spots/sheet). The first 
and last spot was for standards. We used 10 ul of 2.57o 
trehalose-2/57oglucose solution as a standard. 
The prepared, dry samples were dissolved in 0.1 ml 
distilled water and vortexed. We then applied 50 ul 
exactly to one spot on the origin (for quantitative analy¬ 
sis) and the remaining amount to a second spot (for qua¬ 
litative analyses). Two spots of a standard solution 
(2.57. glucose + 2.57o trehalose) were included in each run. 
The spotted papers were put in tanks in which the solvents 
had been allowed to sit for one hour, saturating the atmos¬ 
phere. The samples were allowed to run until the solvent 
front was one inch from the top (about 8 hours). The 
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papers were removed, the solvent front marked, and allowed 
to dry. The papers were then cut into two inch wide 
strips, with the spots centered. 
Identification of carbohydrates was made using a sil¬ 
ver nitrate dip technique (Trevelyan et^ al, 1950) . 
Preparation of solvent A. Three solvents are used: 
A, B and C. Solvent A is highly toxic and must be prepared 
under a hood, with gloves. A 10 ml saturated solution of 
AgNO^ in distilled water is made by dissolving slowly until 
no more crystals will go into solution. To this one liter 
or acetone is added. A white floccular precipitate deve¬ 
lops. Water is added dropwise, with mixing, until preci¬ 
pitate disappears. The solvent is stored in a brown bottle. 
Dry chromatogram strips were dipped in solvent A and 
let dry. Strips were then dipped in solvent B (0.5% KOH 
in methanol) until the spots darkened, and then quickly 
put into solvent C (10%, Na2S20^ + .15% Na2S20tj) . Spots 
were circled and Rf values (distance from origin to spot 
divided by distance from origin to solvent front) were 
calculated and recorded. 
Collection of carbohydrate for quantification of glu¬ 
cose and trehalose was performed by cutting out one inch 
diameter circles from the undipped chromatography strips, 
where glucose and trehalose were presumed to occur after 
matching with dipped strips. The glucose and trehalose 
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spots were then eluted from the undipped circles with 3.5 
ml distilled water per spot. After 30 minutes the elution 
was filtered through glass wool and stored in a test tube, 
covered with parafilm, in a refrigerator. 
Quantification was with the anthrone method (Mokrasch, 
1954; Boctor, 1974). Fresh anthrone reagent was made daily 
by adding 0.2 gm anthrone to 100 ml 70% H2SO4. Aliquots of 
1 ml of carbohydrate solution were layered onto 5 ml por¬ 
tions of anthrone reagent in an ice bath. After shaking 
for ten seconds on a vortex mixer, the tubes were capped 
with rubber stoppers (with a piece of glass tubing inserted 
to let gas escape) and placed in a boiling water bath for 
exactly ten minutes. They were then removed and placed 
immediately in ice water to stop the reaction. When the 
tubes were cold they were removed from the ice bath, 
allowed to warm to room temperature, and read in a Bausch 
& Lomb spectrophotometer at 620 nm. Percent absorbance 
was recorded against a blank of (2:1). Standard 
glucose solutions of 5.10, 20, 30 and 40 mg/ml were used. 
Two or three reps were run for each eluted sample. 
Ill. Free amino acid analysis 
From each of six larvae or pupae 25 ul hemolymph were 
collected into 4 ml cold 80% methanol with a few crystals 
of PTU. Four replicates were collected for each treatment. 
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After capping and shaking the vials they were stored in 
the refrigerator. 
The samples were prepared for analysis by centrifug- 
ing 10 minutes and then freeze-drying the supernatant. 
The freeze-dried residue was dissolved in 4 ml Na citrate 
pH2.2 buffer, blown with nitrogen, capped, and stored in 
the freezer for analysis on a Beckman/Spinco Model 120C 
Amino Acid Analyzer. A 37 cm Aminex-A-5 (Biorad) and a 
52 cm PA-28 (Beckman) were used (Beckman Instrument Lab 
Manual, Beckman Instruments, Inc., Fullerton, California). 
A Hamilton co. standard was used for identification of 
amino acids. Quantitative determination was by use of an 
Integrator. 
IV. Preparation of samples for fatty acid analysis. 
(NOTE: Use polyvinylchloride gloves throughout whole 
procedure to avoid contamination.) 
Hemolymph was collected from at least 10 pupae/rep 
until 1.0 ml was obtained. Three or four replicates were 
collected from each diet. The samples were centrifuged at 
0°C (Sorvall) for 10 minutes at lOOg to remove hemocytes. 
The supernatant was transferred to a 15 ml glass test tube. 
We performed a modification of the chloroform-methanol 
lipid extraction (Slakey, 1972; Wlodawer £t al, 1966; 
Bligh and Dyer, 1959) as follows. Five ml of chloroform- 
methanol solution (1:2) were added to the hemolymph super- 
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natant, along with 1 crystal BHT (about .1% lipid weight 
to retard oxidation) and vortexed. After 1-2 minutes, we 
added 2.2 ml 10 Sj HCL (=.2 volume). After vortexing, the 
solution was filtered through glass wool (in pasteur 
pipette) into a 15 ml glass centrifuge tube. The residue 
was washed with 1 or 2 ml chloroform-MeOH (2:1) and the 
filtrates combined. This mixture was then centrifuged to 
separate the layers. The bottom layer (the chloroform 
layer) was transferred to a 10 ml glass test tube. 
Methanol was added dropwise with mixing until the solution 
was clear, at which point the solution was evaporated to 
dryness by bubbling ^ through the tube. A few mis chloro 
form were added back and the process repeated until the 
chloroform was no longer cloudy (these steps remove any 
water that might be contaminating the chloroform). The 
samples were stored with 1 ml chloroform. Nitrogen was 
bubbled into the tube before capping with teflon-lined cap 
Samples were stored in an ultra-low freezer. 
APPENDIX II 
Procedures for Parasitization 
I. General 
Maintain lab colonies of parasitoids such that there 
are mated females ready for ovipositing - 8-10 days for 
Brachymeria intermedia and 3-4 days for Coccygomimus 
turionellae. All parasitizing must be done between 8:30 
a.m. and 2:00 p.m. Allow only one oviposition per pupa. 
After parasitizing weigh pupa and put in 1 oz. cup, label 
lid, and put in wasp room. 
II. B. intermedia 
Put females individually in 8 dram glass vials, place 
vials down on side on white sheet of paper, for easy view¬ 
ing. Offer one 24-hour gypsy moth pupa. Observe oviposi¬ 
tion carefully, with a large hand lens. Best results are 
obtained when wasp shows interest in first five minutes. 
If, after one-half hour wasp shows no interest, the pupa 
is removed and offered to another wasp. Five wasps can be 
observed simultaneously with no confusion. The observer 
can discern penetration by the ovipositor because the wasp 
"squats" very low and the pupa responds as if "stung," 
wiggling around and around, yet the wasp is not dislodged. 
If the wasp is easily dislodged by the wriggling, she pro¬ 
bably did not oviposit. B. intermedia prefers naked pupae. 
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When offered a wax moth pupa, females chew a hole in the 
cocoon and then turn around to oviposit in the hole. 
III. C. turionellae 
As the B. intermedia, put females individually in 
glass vials with a cork stopper. This species prefers 
pupae enclosed in white cocoons. Thus, when parasitizing 
gypsy moths, and other naked pupae, one must wrap the 
pupae in artificial cocoons. We successfully used Kimwipes 
cut to fit pupae so that they wrapped around 1-1/2 times, 
and then were twisted at either end like candy wrappers. 
Sometimes we licked the wrappers lightly to seal them. 
The oviposition posture of this species is so unmistakable 
that one can observe 7-10 at a time. Occasionally, because 
of the wriggling of the gypsy moth pupa, one is unsure 
about oviposition. In this case, remove pupa from Kimwipe 
and examine under the microscope for a puncture. 

